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Abstract

At the abrupt ecotone between the upper limit of southern beech forests in New Zealand and
adjacent subalpine vegetation, ecological prasessuch as competition/facilitation, and
speciesdb tolerances to al pine comthesettwmons, r
contrasting plant communities. While other treeline ecotones globally have responded to
ongoing climatic changes there is litdidence that the position and form of the beech
subalpine ecotone has undergone similar changes over the passiéeather, it is unknown

whenthe beech forestubalpine ecotone will respond to such changes in the f@tteal to

predicting chang is understandinghe abiotic and biotic factors théimit recruitment of

individual trees above the treelin€o address this, this thesis reseamimed tofurther

elucidate therole of subalpine microhabitat variability in controlling foresgeneraon

patterndn abrupt treelineecotones.

As a basis to investigate the drivers of treeline recruitrpattérns at the Cigieburn
treeline site i n Newdeikedfield dathadlect®roand $spatialn Al
mapping campaign was undertakém comprehensivelycharacterie abiotic and biotic
variation across thialpine treeline ecoton&his wa achievedy deploying UAV operated
high resolution sensors (RGB, Multispectral, LIDAR, Thermal) to spatially map and
characterise the vegetation, tmad environment and topographyate treelinesite. Results
enabled a detailed illustration of the alpitreeline ecotone and how microhabitat heterogeneity
influencal the thermal environmenwithin the site Further, highresolutionLiDAR point
clouddaa enabledheapproximaion of plantheight and creain of ancillary datasets such as
solar radiationmapsto estimate shadowing effects of individual treéke result was a
comprehensive characterisation of the alpine treeline ecotiblnsirating fine-scale

information for vegetation, topography, incident radiation and thermal variability.

Theenvironnentaldataset weresupplemented with three decades of seedlatg from
monitoring transects established by Peter Wardle in thesl®@@lelling was sed to evaluate
the effecs of microhabitat heterogeneity tree seedlingstablishment and performaraigove
the treeline Fuscosporacliffortioides recruitment was enhanced in microhabitats which
reduced exposure to macroseatgosed limitations commoat treeline (e.g. annual frost

events) Successive tree colonializatiohtbe subalpinevas adversely affectdny competition



with alpine vegetatiomand the paucity of microhabitat safe sites which limit treeline response

to broad scale climate warming.

Diurnal, noninvasive chlorophyta-fluorescence measurements on exposad a
canopys hel t ered seedlings at two sites in New
winter show no effect of an instantaneous or sustained photosystem degr&tdidis reeal
a remarkable level of light adaptation and contradict previous stining at high light
induced photoinhibition as treelistieniting factor. By linking lowF PSII on winter mornings,
and large, sudden temperature drops in summer, we specula@dhatuced photoinhibition
might result in lethal photoxidative damag. Duration and frequency of these events could
diminish with global warming, which may promote treeline advance.

An agentbased modelvas designed to simulate emergent treelineepattalong a
hypothetical mountain slope induced by a macroscale tempergtadient, intraspecific
competition and facilitative thermal microclimat&sndings highlighedthe sensitivity of the
system to cold temperature dips at@ mechanismm which erabled seedlings to escape
bottleneck stressors by close associations sutlalpine vegetatioVhen anyadverse effects
of a close spatial association among neighbouring plargsabsent, treeline position is
stabilized by increasedensity, but higher #itudes are onlyreachedonce avoidance of
pronounced stressoisachiewed.

This thesidurther elucidats the complex link between biotic and abiotic limitations exposed
on different temporal and spatial scales to operate as a sharpening agent irrablinpt

phenomena.
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1 General Introduction

1.1 Global teeline drivers

Ecotones are sensitive indicators of eommental change (Wasson et lg 2013) and
understanding the processes currently maintaining ecosystem boundaries enables us to predict
how thecommunities in the ecotone will respond to climatic chatmtmeier, 2009) The
formation of an alpine treeline is a global phenomenon where high biomasystecogive
way to low stature grasses dmefbaceas species within the subalpine belt. Tigh-elevation
distribution limit of trees on a global scale dasufficiently explained by a mean isotherm of
growing season day@orner & Paulsen2004) Current treeline position is a product of
macroscale climatic variations controlling thermal fluctuations, rainfall patterns, ihsiolan
radiation and the extent of the growing sea@¢drner, 2012) These broad scale climatic
limitations gradually restrict the tree in stature anthbers until conditions become ultimately
life restricting. However, if we begin to increase the resolution the tagdlatacteriséreeline
position becomes far less triviasfine scale abiotic and biotic variability is revealed

With an enhanced selution we begin to identify the sensitivity of the {ftem tree to
respond to microscale climatic variability. Individual tree posiis a result of tree tolerance
to biological meaningful temperature and climatic extremes (e.g. frost, intensdorgdiat
moisture deficit). The sensitivity of the individual to critical climatic thresholds overrides the
effect of macroscalemposed Imitations(Scherrer & Krner, 2010) Consequently, within this
fine-scale variation we find valuable information in how to predict future ecotone §idbal
treeline position shows a heterogenous response to macroscale climatic change and some
regions show a significant tgraral delay in their response to prolonged growing seasons
(Malanson et al., 2011)By analysing thespatial patterns in the way the tree liferm
approaches its altitudinal limits, wean begin to decipher the dynamics that control alpine
ecotone migratiofHarsch & Bader, 2011 hese patterns also reflect valuable information on

how the ecotone border responds to macroscale climatic changes (e.g. global warming).

1.2 Treeline patterns and responses to climatic change

In principle we distiguishbetween diffuse and abrupt treeline patterns, wherdauis such
as tree islands and krummbholz are derivatives of these main pdHanssh & Bader, 2011)

Diffuse treeline patterns can be observed arobeglde where predominantly conifers define
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the elevational boundary of forest ecosystér™tmeier, 2009)In the transition zone from a
closed forest stand into a low stature subalpine ecosystem the life form tree gradually decreases
in stature and abundance while approaching its altitudinaislibiffuse treeline forms are
generated by a slow decrease in growing season days with altitude which gradually decreases
tree proliferation and hence stat(k&rner, 2012) Diffuse treeline patterns align well with the
concept of a mean growing season isotherm and tlespose to climatic change is
demonstrated by a homogenous upslope encroachment. Abrupt treeline patterns can be
identified by a much more distinct, sharper transition from a-bigture forest into the
herbaceous subalpine behbrupt treelineecotonesare ceated by finescale ecological
processewhichmaintain a dynamic balance between these two contrasting plant communities
(Malanson et al., 2011) ocal microhabitatassociation®verride the effect of regional scale
limitations dictated by mean growing days isotheg8cherrer & Korner, 2010)Theforest
ecosystem facilitates the recruitment of new seedlings within established boundaries and the
gradually pronounced limitation of a temperature isotherm is outside these boundaries. This
leads to an enhanced tree mortality and a reinforcedmediaindary (Wilson & Agnew,

1992) The <current treelinevipaegiot iboyreethhaknleopsh e eafl o
within the established ecosysteifhe stronger theeffect of internal climate modifications

within the vegetationlayer, the more independdntthey can operate from macroclimatic
conditions Malanson et al., 2011)Therefore, many abrupt treeline systems do not respond
readily to macroscale climatic change, resulting in a temporal delay in upslope encroachment
of the forest systenfHarsch & Bader, 2011)However, quantifying the pace of ecosystem
migration is crucial to formulate conservation efforts in the forest and subalpine vegetation

communitiegEllison et al., 2005; Gunderson et al., 2012)

1.3 Mechanisms controlling abrupt treelines

In abrupt treeline ecotones, an advance of the upper forest boundary is hampered bied restric
seedling performance in the adjacent shrubl@tadrsch et al., 2009Y he seedling recruitment
bottleneck is a result of enhanced macrosoaf@sed limitations (e.g. extreme temperatures,

high radiation) outside the established forest carifatanson et al., 2011The seedling can

escape this limitation through close association with subalpine plants, effectively reducing
stressor effeciST hese mi croclimatic 6safe situvaderd i dea

canopy. While with increasing altitude the relevance of facilitative biotic interactions increases
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(Callaway, 207), the effect is not always ostrectional and beneficigBrice et al., 2019)
Tree interactions with existing vegetation can be of facilitative or adverse nature and are
described as feedback switch{#éilson & Agnew, 1992) The magnitude and effect of these
microhabitat responsediffers between specigd.oranger et al., 2017and can be further
modulated by the individuéd size(Malanson & Resler, 2016 they emerge from the internal
vegetationayer (Korner, 2016) To address the complexity of microhabitat feedbacks within
treeline ecotones Harsch & Bader (2011) introduced a concept of mechanistic tiaters
operate across nested levdiere macroscalemposed limitationsoperate as a tegown
mechanism anaonstrain tree performance (e.g. growth, dieback, seedling mortality) with
altitude. This effect is further modulatégl aspeciesspecificresponseo stress mechanissn
(e.g. freezing damage, desiccation, radiation) and neighbouriegtef(e.g. shading,
competition) These bottorup operating mechanisms further modukedling mortality and
thereforehave the potential to locallgverride macroscalenposed limitationgHarsch &
Bader, 2011)

Abrupt treelineregenerations controlled by the abundance and quality of favourable
microhabitats in the subalpine. They limit the response to macroscale climatic change and serve
as Ostsepmiesd® for tr eel i nearesudcessfullycestabligthey e e ar |
promote further tree recruitment and growiftine & Malanson, 2004) When a clear
directional facilitativeintdedlsaalk aichedas taaldl! i
colonialization of the subalpine facilitated Monitoring realised climatic niches for early
recruits and their performance in subalpine microhabitats is essential to address the temporal
delay in abrupt treeline eantes. Hereby we should make use of existing records of patterns
and habitat preferencg§&raham et al., 2006)This process should involve a complete
characterisation of potential drivers and include factors which are currently identified as weak,
but could pose persistent restrictions when formulating long teredtdgs (Parmesan &

Yohe, 2003)

1.4 Southern Beech in New Zealand

The southern beeek (Nothofagaceaebelong to theorder Fagales andre characterized by
woody shrubs and dées with alternate, stipulate leaves, small unisexual flowers and a fruit
which is a nut enclosed in an oftbardened cupule. The distribution of wuthern beeches

ranges from 2° soutbf the equator to 55° of latitudéhey areentirely restricted tothe
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SouthernHemisphereTheyoccurin New Guinea, New Caledonia, SotEastern Australia,

New Zealand and in Chile. They share a set of certain ecoldgieedncesableto cope well

with harsh conditiongnd, they tend tobecome dominantn altitudinal gradients, forming
extensive and relatively uniform forests. In most lowlands they are outcompeted by different
hardwoods and softwoods and their performance at seedling stage is relativelygyoor
Steenis, 1971; Wardle, 1984)he most distinctive feature of Nexve a | datlibfagaceae
which sets them apart from relatives in the Andes is that they are everfineemorphology

of theleaves are the main diagnostic tool for taxonomic separations and follow a guideline
introduced by Allar(Allan, 1961) New Z e al aalirkedase faanted hy pvb out fivee
representatives of the genusophozonia memesi (silver beech, idok.f.) andFuscospora

cliffortioides (mountain beechook.f.)) form the upper forest limits.

Fuscospora cliffortioideds the smallest representative of the genus within New
Zealand.This specieswverages 1220 m in height and grow on relatively fertileils, andare
less tolerant to infertile and poorly drained soils thaphozonianerzesi (Smale et al., 2012)
In exposed single stands they spread out crowns early and stay comparably small, where within
established forst stands they show straight cylindrical trunks which are clear of branching
halfway up(Wardle, 1984)Similar tosilver beechthey limit their growth towards subalpine
timberline. Commonly, representatives of the species can be found in the upper forest edge,
reducing their growth to no more than 45 ¢inWardle, 1974)Snow drifts and avalanches
can make them grow horizontally for several regand establishment oimdges and spurs as
well as poorly drained and infertile soils will significantly limit their growitong with their
treeline formingconspecifi¢ they can tolerate heavy frosts up18°C, which sets them apart

from other representatives of the spe¢@male et al., 2012)

Fuscospora cliffortioideseaves(Figure 1) are small and leathery and up to 15 mm
long, pde underneath and have incurved margins. Occasionally they show light pubescent on
top and with distichous branchlets. The young leaves are a bit lighter in colour and show a
more ovate appearan@gllan, 1961) The bark is fibras and fissured appearing almost black
and are about 1020 mm thick. Younger trees show smoother bark with a-igéy to grey

colour and the branchlets show fipgbescenc@/Nardle,1984)
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Figurel: Mountain beech in the subalpine belt, Mt FaGsinterburyDoweler, 2019)

Mountain beeclvegetation ranges from 38° to 46° South latit(feigure2). Presence
is mostly limited to montane and subalpine zones but can show up on poorly drained and
infertile soils in the lowlands. It constitutes the common subalpine timberline tree irstbnea
and central regions of both islands. Itz extensive single species stands in the drier east of
the Southern Alps and @ominates with silver beech towards the more humid western areas
(Wardle, 1984) Mountain beech is more dominant @nier areas and shallower soils. On
maritime influenced mountain ranges they reach from 900 to 1400 m, but they are able to
exceed 1500 m in more continental summer warm slopes regardless of aspect aiiciynore |

to achieve these heights on steep and exislopes with little shadin@yvardle, 2008)
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Figure2: Distribution of mountain andlger beech across New Zealand (Bradley Case,

2017)

1.5 Drivers of treeline ecology in New Zealand

New Zeal and

0s upper

f or e dldothofdgacéatspecies shbws i t s

characteristics which sets them apart from most other tree line formingspgabally, but

also from other representatives of the southern b@dahiree line formetty mountain and

silver beech is remarkably abruggidure 3), suggesting that the treeline is dominated by

second and third level mechamis(Harsch & Bader, 2011Peter Wardle, a lifong treeline

researcher attributed this in his last publications to a low solar radiation tolerance of young

individuals, summer frost and competitions for nutrigk¥ardle, 2008)
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Figure3: Abrupttreeline ecotone at the Craigieburn Valley, Canterbury (Déwete6, am
Janary 23rd 2018 43°07'31.8"S 171°42'15.2)E

The driving forcesarget thanore vulnerable seedling stages, where high levels of solar
radiation, frequent summer frosts and competition in the adjacent tussock grassland become
ultimately life restricting(Norton & Schonenberger, 1984; W&, 1971) This is further
supported by the existence of the southern beech gap, locatatral Westland of the South
Island between approximately 42° to 44° latitutlee gg was created after a glacier formed
in the colder Pleistocene retreatexhving wide denuded areas behind. Until todine
capability ofNothofagaceaéo recruit beyond previously established foregs todimited to
reoccupy the arefél_eathwick, 1998; Mcglonest al., 2002) This raisesquestions ofwhat
drivers cause this regenaoat bottleneckrestrictingsouthern beechpecies fromexterding
beyondtheir currentrange limitsboundaries. Modelling approaches of the influence of abiotic
factors on treelinegsition suggest that regional sctiermalinfluences can account for 82
of the variation reducing to44 - 52 % of variationexplained by a combination ¢fiermal,
physiological stress/related and disturbarelaied factorsoperating at finer scadgCase &
Duncan, 2014)
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1.5.1 Seedsandyoungseedlinglimitations

Facilitativemicrohabitainteractionsat Ne w Z e a | eaotodedresbelievedcett®eimbsh e
relevant duringearl recruitment stage#f seedlinganake it through their first two years, the
risk of diebackdecreases significantljWardle, 1985a)Annual seed production in New
Zealand beeches averages about 1Z@WID nuts per squaremeter depending on local
conditions and species, but can vary on a single site between 1 to 13®pémequare met
(Wardle, 1984)Lack of successful seedling production can be correlatidstrong frost in
November just after the first flower openings or likely be influenced by heavyestincting
the pollen dispersdl. Wardle, 1970) The frequeng of mast years foNothofagaceaés 4 to

6 years an@ssociated with above average seedling prashend event frequency is going
to further increase with climate warmigBichardson et al., 2009pispersal is limited to 10
m beyond existing treelinglarsch et al., 2012nd roughly a third of the seedslfbehind the
forest edggWardle, 1984)The amount and quality of fertile seeds decrease towards higher
altitudes and successful germination of seedlings have been verified dtirtaae of up to
1600 m(Wardle, 1971)Even if good tree growth occsiin the area, the recruitment of young
seedlings has been repeatedly reported as the bottleneck of tree line advance in the
NothofagaceaéCuevas, 2000; Holtmeier, 2009; Wardle & Coleman, 199Rg decreased
survivability in the very early stages of growth can be projected to most treelinedotamia

of the temperate zone of theouthern Hemisphere, which appear to operattoser to
physiological limitsthan their northern hemisphere relati&rner, 2012) Reasons for
seedling and early recrailimitations at treeline are often attributed to root zone coripeti
(Holtmeier, 2009) cold temperatures dnphotoinhibiton (Bader et al., 2007; Germino &
Smith, 1999) This has been repduced in New Zealand, where seedling germinationbea
adversely affected by > 27 #@aylight (Wardle, 1971)and seedlings show a preference for
bare, sheltered soil$darsch, 2010Q)Translocation experiments with shading boxesdktha

successful seedling establishment beyond ctitreeline positiofWardle, 1985a)

1.5.2 Temperature

New Zeal andds treeline received speci al atte
temperatures published by Kérner & Paulsen (2004). In their global projections, the treeline
position fell 200 m below their predicted values and there was no evidentiagsheas related

to limited dispersal ratg€ullen et al., 2001)Further, global comparisons revealed the treeline
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position remains relatively unresponsive to climatic chghtggsch et al., 20125ince 1950
mountain and silver beech upper forest sdgsponded to a 1°C warming with less than a

10 m upslope movemei@ullan et al., 2008; Wardle &oleman, 1992)n contrast, root zone
temperature readings reveal that the current treeline position is indeed where it would be
expected Cieraadet al, 2014. In order to shed further light on the issue, treeline research is
required to monitor changes with greater spatial resolution and temporal replication. One way
to achieve this is to use meslimate data deredfrom meteorological stations and scale them

to the microclimate leve(Cory & Smith, 2017)or measure temperaturagith higher

replication and accuragKérner & Hiltbrunner, 2017)

Alpine treesare most susceptible to cold damage in their accliration processes
(dormant stages) from warm to cold temperatures and (SeHai & Wardle, 1978; Sakai &
Weiser, 1973)Newly formed leaves and flowers of European brleaded tree$or instance
canbe damaged over night by temperatures as lowia8 1C already(Korner, 2012; Till,

1956) A strong susceptibility to extremely lotemperatures during bud break is onehaf t
primary dieback factors for broadleaved treekigh altitudes globally(Kérner, 2012) Yet
predictions for treeline advance have been primarily based on long term average means derived
from weather station@Korner, 2014) Particularly the broattafed and evergreen nature of
New Z e aNothofadadesded me to believe that saeptibility to frost during specific
phenologicalstages if higher relevanceThis is further supported by comparative studies
with related Nothofagaceaen the Andes(Wardle, 1998) Here Nothofagus dombeyand
Nothofagus nitidaevealeda strong frossusceptibilityduring theseedlingsstage(Wardle,

2008) and are partidarly vulnerable inspring and summe(ReyesDiaz et al., 2005)To

escape potentially lethal frost events during early phenological stages, seadiingccupy
thermal shelter in established forest stands under canopy. This protective microhabitat shields
the vulnerable recruits from extreme temperature deviations before they develop their initial
frosthardinesgWardle, 2008)Seedling regeeration in the subalpimeaythereforebelimited

by the availability of favorable microhabitats which mimic the benefits associated with an
estaltished forest standA strongassociation with local vegetation can provide seedlings
shelterin early life sages, enabling them to escape even the worst climate warming scenarios
predicted for the next centufaraham et al., 2012; Scherrer & Kérner, 20I0)e effect of
microhabitat temperature on seedling gemtion has been tested in New Zealand in a prior
study (Harsch, 2010)and the reoval of vegetation fromFuscospora cliffortioideshas

negatively impacted seedling survivabilitythe subbpine. To further disentangle the role of
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microhabitat variability in controlling macroscalaposed limitations we are required to
identify if a potential frostcontrolled recruitment bottleneck is further modulated by other

stressors.

1.5.3 Solar radiationnduced photexidative stress

Solar radiation levels increase exponentialiyh increasingelevation while water vapor levels
decrease, so if therns existing susceptibilitio high radiation loads the effects are amplified
while the speies approaches its altitudinal limifsioltmeier, 2009) The effect of intense
radiation levels controlling seedling germination, and hence sharpening the ecotone border, is
often not readily identifiedn fact, hgh light limitationsat treelineare difficult to disentangle

from indirect effectson the thermal environment. For instance, a closed canopy stand may
indirectly restrict a temperature increase for the root zone area. This effaoh pravides
sufficient explanatory value to attribute this limitation to again temperature related
modifications(Koérner & Hoch, 2006)

Photooxidativestress occurs when photosynthetically active piastie is exposed to
high levels of solar radiation and the amount of energy absorbeddextteee demands for
electron transport and carbon fixation. Possible results are pigment bleaching, lipid
peroxidation, protein oxidation or oxidative damage to @iachcidgWieser & Tausz, @07).
Alpine studies orAbies lasiocarpaand Picea engelmaniseedlingsconcluded thatarbon
acquisition wasnegatively correlated with clear sky days limiting their photosynthetic
performancéJohnson et al., 2004y he sensitivity of higfaltitude vegetation to high radiation
loads has also been verified in the tropwekere in Northern Ecuador an abrupt treeline is
reinforced by the inability of a rangé toee forming genera to grow in artificially cleared sites
(Bader, Geloafet al., 2007) The effect is believed to have sharpened the abrupt ecotone
transitioninto the subalpinparam@ however, anthropogenic and natural disturbances cannot
be fully excludedBader, Geloof, et al., 200A)Vhile the particular strengtif this mechanism
remains elusive, increasqzhotodamage in the field is often linked to excess amounts of
radiation amplified by other related stress factors (e.goudjht, extreme temperaturdd
Adams et al., 1995This is supported by multiple treeline studies in the Southern Hemisphere,
providing evidence that the effect of photoinhibition is more pronounced when coupled with
cold temperature@Ball et al., 1991; Germino & Smith, 1999; Reyl@mz et al., 2005; Wardle,
1965; Wieser & Tausz, 2007The detaigd effects of photoxidative stressat the cellular
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level, how it is mediated by thealaxanthin cycle, and how we can visualize the effects via
chlorophyll fluorescence measurements are further discussed in Apgg&ndix

In New Zealandthe solar radiadn tolerance of treeline forminyothofagaceaéas
been discussed for a long tifWwardle, 1965and has been particulariglevant for identifying
reasondehind the inability oNothofagacea#o reinvade previously established sites after the
glacial period Wardle, 1974)Thishypothesidbecame further suppedby seedling relocation
expeiments (Wardle, 19853)suggesting that seedlings are capableeafuiing beyond
established treeline canopysifficiently shaded However, it remains to be clarified if the
shading boxes used in this experiment also modulated thmahmericrohabitat variability for

the early recruits.

154 Pet er War dl ee6ts treeline trans

Since tree growth at high altitude is slow due to limited meristematic gi@timer, 2012)

most seedling studies at treeline lack the temporal replication to document a recruitment
bottlleneck mechanisrfHarsch et al., 2012)n 1991Peter Wardle established a baseline study

for a permanent treeline monitoringpoje i n New Zeal andds Sout hel
span across the main divide of the mountain range, covering a range of different climatic zones.
Thanks t o Wa,adtheo@rginuingcongisutiog of colleagues, the sites have been
remeasured g@riodically. The most recent outcome was a paper by Hérksisch et al., 2012;

Wardle & Coleman, 1992Yoday, the study provides us invaluable informa#éibaut seedling

presence and performance above treeline, documenting recruitnwmsssuand growth
parameters. Within the scope of this thesis, three transects have-beegsieed, enabling me

to look back on a record of three decades of treeline cedestas Table 1). A careful
implementation of this dataset into its subalpine microhabitat context can help me to shed
additional Il i ght behind the drivers of I i mi

ecotones.
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Tablel: Treeline census periods and locations in the Southern Alps of New Zealand

Person Measurement| Haast | Faust | Craigieburn | Maori | Takahe
period Saddle

Wardle 1991 X X X X X
Wardle & 2002 X X X X X
Wilmhurst

Harsch 2007 X X X X X

Doweder 2018- 2019 X X X

16 Research gaps in in New Zeal andds abr u

Studying ecotone migration patterns in abrupt treeline phenomena faces two tremendous
challenges: Research needs to address the significant temporal delay in ecotone responses to
macroscale climatic change while simultaneously approximating a recruitrogt@nbck

c h -scale séddlingicr@habibat imtanactibnis. iSkes unaffected by
anthropogenic change are often in remote and inaccessible terrain, nta#iffgeult to

effect wh i

conduct labouintensive field surveys with high spatial regen and temporal replication to
track changes in alpine plant associations. While available mon#piatgdo inherit valuable
long-term census data and growth informatiotre¢line, they lack the connection to species
interactions in the subalpinel h e recruitment bottl eneck i de
Nothofagaceaas likely to be stimulated by intense radiation at treeline as suggested by

War d|

to longterm sustained degradation of the photosystem during periods of intense sunlight or are

eds r el ocHaotwieovne re,x pneer ismentls .donét know i f
suddenly triggered by a temperature modulated photosystem performance (eigdwoehd

photoinhbition).

New methodologies must be developedddresshe need foa fine-scale and spatially
explicit characterisation of the alpine treeline ecotone. Consequently, we will be able to
guantify microhabitat heterogeneity and delineate environmentaineders mdsmportant to
stimulate seedling colonialization of the subalpine. An essential step will be the implementation
of longterm treeline transect information into these datasets. This will enable us to study
decades of seedling regeneration patend apmximate potential recruitment bottlenecks in

abrupt treeline phenomena. In ecological modelling approaches we will then be able to isolate
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these mechasins and further investigate individual tree performance in the face of broad
microclimatic stessor gragnts.

1.7 Aims, research questions and objectives

The aim of this thesis is to develop a better understanding of the role of subalpine microhabitat
variability in controlling upper forest limits in abrupt treeline position and identify
environmetal variabes limiting Nothofagaceaeregeneration in New Zealand. | have
approached this by answering the following research questions via addressing their stated
objectives:

(1) What microhabitat conditions modulate macroscalemposed limitations on tree

recruitment and growth above the alpine treeline?

Objective 1. To test the use AV -collected datao establish new workflows for

monitoring microhabitat variation at treeline.

Objective 2: To determine whether seedling recruitment and growth at treeline is
affected bymicrohabitat variation in temperature, solar radiation, slope and surrounding

vegetation cover.

Objective 3: To determine how the photosynthesis of seedlings above treeline is

affected by daily and seasonal variation in light conditions.

(2) What are the critical population dynamics processes that interact with

temperature to cause tree spatial pattern at treeline?

Objective 1: To test how variation in neighbourhood plant interactions modify the

thermal environment causing treeline formation.

Objedive 2: To determine how increasing the overall site temperature alters the
neighbourhood plant interactions, which in turn, cause variation in tree population spatial

pattern.
The thesis is structured in the following way:

Chapter Two provides a nowsbrkflow to monitor alpine treeline ecotones via a range
of UAV operated sensors and link the dataset to an exiblotgofagaceadreeline census

dataset. RGB and multispectral sensors were used to spatially map and identify treeline edge
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and vegetationampositionwithin the subalpine zone. LIDAR point clouds were then used to
illustrate the topography and vegetation height at site. Subsequently elevation information was
used to calculate a detailed solar radiation profile of the treeline ecotone. Tisermsats
monitored temperature fluctuations between morning and noon to estimate the effect of ground
cover on modulating the thermal profile in the ecotone. These datasets were linked to individual
seedling information extrapolated from the treeline censyput sedling performance into a

spatially explicit context.

The third chapter aimed to identify seedling recruitment preferences in the subalpine
and delineate environmental parameters most important to control seedling performance. The
study built uponthe microhabitat characterisation and seedling mapping results from the
previous chapter. Thermal microhabitat loggers are used to predict a more accurate range of
temperature profiles experienced on the microhabitat scale. Seedling positgerfanchane
was evaluated based on microhabitat heterogeneity in the subalpine.

In Chapter Four, a field study is described, which further investigates the role of high
radiati on | oads i n controlling New Zeal an
fluorescenceneasurements for summer and winter were performed to assess photosynthetic
performance of early recruits within the subalpine. This-ineasive approach monitored
fluorescence, leaf temperature and light environment simultaneously to aseestsidgfed
seedling performance could be linked to sustained and/or temperature controlled

photoinhibition.

For the fifth chapter, | generated a treeline ecotone along a hypothetical mountain slope
using an agerbased modelling software. The model isigaed tomprove our understanding
of how current treeline position is linked to macroscale temperature environmerds\{top
further modulated by an elevational gradient, tree size and microhabitat feedback -{iqmttom
for the individual tree. The medl uses dat from alpine weather stations and models tree
response against a varying range of adverse (resource competition) and facilitative (thermal

shelter) microhabitat feedbacks.

Chapter Six synthesises the results from this thesis and formulaesralgconkision

and future perspectives for alpine treeline research.
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2 UAV data collection methods for characterising a treeline ecotone

environment

2.1 Introduction

Ecotones are transitional zones between adjacent plant communities reflecting gradual or
alrupt shifts in environmental conditions and ecological procg$3esz, 1993) Ecotones
therefore provide ideal testing grounds to study responses to climate change because the
occurring plant populations are operating close &ir thhysiological limits(Wassm et al.,

2013) Such populations are particularly sensitive to changes in macrosaatie dhivers
affecting growing season extent and temperature variability. An ecosystem ability to cope
with sustained unfavourable climatic conditions by migraisoa key features in ecosystem
resilience(Gunderson et al., 2012)hus, the characterisation of these ecotone environments
and the identification of key drivers are paramtoto predicting future effects of climatic
changgElliott, 2012)

Alpine treeline ecosystenf&éTEs)c onst i tute o6l eading edged
environment where the tree life form approaches climatic stress and tolerance limits
(Holtmeier, 2009) Within the alpine treeline ecotone we find species which share common
traits and respond to the same fundamental climatic control and yet display fine scale
variability in their response to large scale climgktterns(Weiss, 2009) Forest ecosystem
migration at treeline is coupled to early recugerformance in the subalpifilalanson et
al., 2011) This effect is particularly pronounced in abrupt treeline phenomena, where a
hampered seedling survival sharpens the ecotone trangliarsch & Bader, 2011)
Environmental variables hypothesized to govern subalpine vegetation are regionally imposed
temperature limit§Scherrer & Korner, 20113nd solar radiatiofHoltmeier, 2009¥urther
modulated by local topography (e.g. aspect, slope), vegetation stature and seasonal effects
controlling the extent and quality of the growing seagbrner, 2012) Therefore,
understanding the role of microhabitat variability in controlling seedling regeneration in the

subalpine is essential to estimate future ecotone transitions.

Current finescale napping approaches of the alpine treeline ecotone are limited by
the accessibility of the terrain, which has led to opportunistic data collection in tHe.gast
shallow terraces; Weiss & Walsh, 200&urther, infrequent field studies offer a reduced

perspective on the significant spatial and temporal variation in these envirorfinefitsie,
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2017) Remotesensing satellite imagery has been used to address these limitations by
delivering readily available, casfficient and repeated data with a contiguous and six&n
spatial coveragéDuro et al., 2007)Spaceborn remoe imagerysensorsuch as Landsat or
MODIS are a widely used tool to delineate ecosystem boundarie& He, 2017)and have

found frequent application for remote sensing operations in alpine treeline eq@to@hen

etal., 2016; Y. Chenetal., 20i5r ka et al ., 2012; Gagak et al
Walsh, 2009) Remotely derived multispectral imageries have been used to assess ground
cover vegetatiorfJ. Chen et al., 2016nd thehigh temporal value in satellite derived data
can be used to map vegetation changes over de¥deShen et al., 2(8). Datasets
consisting of multiple spectral layers can be supplemented with digiézhteEin models
(DEM) generated by light detection and ranging (LIDAR) sensors to facilitate
orthorectification, visualisation and spatial analygiiss & Walsh, 2009)The combination

of these sesors facilitate regional treeline monitoring procedures and enable us to quantify
ecosystem migration with reduced field work componé@tka et al., B12) Particularly
airborne LIDAR data minimizes occlusion effects typically associated with groased
approachegCawood et al., 2017; Gallay et al., 2018urther, higkresoluton LiDAR
information can be used to derive ancillary datasets and calculate plantitf@ighation for
penetrable vegetation via the pulse difference mefReds, 2007)r calculate the effects of
topographyon vegetation in controlling the solar regime in alpine environm@iesss &
Walsh, 2009)

While satellite derived information has been widely used to monitor macroscale
changes at ATg the limited resolution of the sensors (m ITable2) fails to address fine
scale variation in these transition zones. As a result, grbased surveys are still required
to monitor species regeneration, growth and mortajibadics at treelin@drka et al., 2012)
Further, available material often shows temporal distortion andduglity data is expensive
to retrieve(Candiago et al., 2015New approaches in monitoring treeline ecotones are
therefore required to fill the gap between labour intengroundbased studieRhodes et
al., 2015)and coarse resolution satellite imageeyén et al., 2016)

Over recent years, literature on uammed aerial vehicles (UAV) has been rapidly
expanding(Anderson & Gaston, 2013nd UAV-collected imagery prodes a readily
repeated and cosffective solution for collecting highesolution datasets (Candiago et al.,
2015;Table2). Consequently, the UAV data collection apach is believed to bridge the gap

between groundbased surveys and satellite imagery, providing high quality imagery at high
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temporal frequencgBerni et al., 2008)Recent studies revealed that centimetre resolution (5

to 10 cm) enables the identification of individual plai@ase et al., 2019;d#zin et al., 2012)

and offers a future avenue to monitor heterogenous vegetation landscapes such as ATEs
(Weiss, 2009)While UAV surveys can be easily repeated once the initial seturpplace,

the method results in a temporal snapshot of the conditions at site and therefore offers a
limited representatiorof slow dynamics (e.g. growth, treeline migration) and requires
supplementary datasets or multiple surveys to monitor ch@ig et al., 2015)

Table 2: Resolution, usability rad costs for different remote imagery applicatiood®\V =
Unmanned aerial vehicladaptedrom Candiago et al., 2015)

Spatial Field of Usability Payload Mass Cost for Data
Resolution View Acquisition
UAV 0.57 10 cm 507 500 | Very good/easy] Can be limited Very low
m
Helicopter 57 50 cm 0.271 2 km | Pilot mandatory| Almost unlimited Medium
Airborne 0.17 2m 0.57 5 km | Pilot mandatory Unlimited High
Satellite 17 25m 107 50 - - Very high,particulaty
km for high-res stereo
imagery

The rapid advance of UAdata collection and the associated surge of high quality
spectral datase led to a change in image classification procediBleschke et al., 2014The
interpretation of highresolution datasets requiressehtanglenent of multiple layers of
heterogeneous spectral information for individual species, further complicating the
classification proess(Hay & Castilla, 2008)While traditional pixebased interpretation of
satellite images fails to address reflectance and illumination heteroge(Méess & Walsh,

2009) a paradigm shift towards objdaased image analysis has been advocated to address the
added dnension of the spectral informatigBlaschke et al., 2014bjectbased algorithms

have the advantage that they enable us to idefutifgtiond vegetation units and delineate
traceable pattern®laschke & Strobl, 200 which otherwise require laboumtensive ground
studiegHunsakeet al.,2001; Lang, 2008)The technological advances in image interpretation
supervised by a fielttained expert enable us to deriveefscale vegetation da{Blaschke et

al., 2014)and consequently incorporate new and combined techniques into the classification
procalure (e.gvegetation indices, Weiss & Walsh, 2009), facilitating workflows required to

track ecosystem migration patte@hen et al., 2015)
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The abrupt southern beecNdgthofagaceaealpine treeline etone inNew Zealand
provides a prime example of where the recruitment success of treeline species is significantly
limited by the availality of fine-scale conditions that can be tolerated by young seedlings
beyond the treeline edg®vardle, 2008 Chapter 3 In fact, southern beech seedlings are
known to be generally unsuccessful atalenising previously occupied habitats even well
below treeline(Leathwick, 1998; Mcglone et al2002) Thus, in order to expand beyond
current ecosystem boundaries, one minimum requirement will likely be the availability of
climatic niches within the adjacent tussock grasslands which feature similar abiotic conditions
to the closed forest canogatllori et al., 2009) To assess future alpine treeline ecotone
dynamics in response to climate change we need to estimate the availability of microclimatic
niches and how their presence is miated by topography and vegetat{&ifliott, 2011; Elliott
& Kipfmueller, 2010; Harsch2010; Malanson et al., 2011Hor a long time, treeline research
was hampered by technologieald logisticatonstraints. Ecotee migration patterns in abrupt
treeline ecosystems show a significant temporalydtdaclimate chang¢éHarsch & Bader,
2011)and current methodologies fail to draw a complete picture of the spatiotemporal variation
a site.

Therefore, here | apply a method fusing UAV derived data of a treelinenecaifith
three decades of treeline censagadto create a singulanulti-layered datasednd a more
complete characterisation of a subalpine ecotone. The approach combectsl (RGB,
multispectral), spatial (LiIDAR, thermal, solar) and temporal datésetdine census; Wardle,
199091) procesed with modern workflows (objebiased classification) to create a fswale
characterisation of an alpine beech foré#thofayacea treeline ecotone in New Zealand.
My specific aims werdo i) useremotely ograted sensors to establish new workfldas
monitoring microhabitat variation at treeline andink remotely derived information arickld

datasets to seedling posiiifrom longterm census data.

2.2 Material & Methods

2.2.1 Study area

This study took place at two treeline ecotone sites in the @amyeRegioron the South Island
of New Zealand. Both sites are part of the treeline monitoring plot network introduced by
Wardle (L991) and most recently updated by Harsch and colleague®)(a0te Craigieburn

Valley site €43.111, 171.713) is located 8865 metres above sea level on a southeast to
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sout hwest aspect on the east si deexpaiédnces he So
frequent frost events throughout the year (135 flags) and has an annual rainfalicofi300

mm. The Mt. Faust ®t(-42.505, 172.409) is located about 100 km north of the Craigieburn

site on a westo-southwest aspect, with fewer frost evehtn the Craigieburn site (90 annual

frost days), and an analurainfall of c. 2200 mm. Treelines at both sites are formed~by
cliffortioides (mountain beech), with trees at the treeline edge about four to seven metres in
height, forming a continuous f@st canopy.

At both sites, the adjoining subalpine zone lracterised by similar vegetation
communities, dominated kyhionochloaspp tussock grass specidtacophyllum uniflorum
Hook.f,, D. longifolium(J.R.Forst et G.Forst.) and®odocarpus nivas (Hook.)woody shrub
patches, prostrate mats béucopogoncolensoi(Hook), and individuals oHebe spp and
Aciphylla squarosa (J.R.Forst. et G.Forst) occupying some zones between tussocks and
woody shrubs. Interspersed across the more arid terrtie Graigieburn Valley are bare scree
slopes;L. colensoiand Hebespp. are the first plant species to establish in thess.arba
alpine belt at Mt. Faust is comprised of a continuousdtature vegetation mosaic dominated
by tussock and woody shrubsthvvery little scree or other conspicuogeomorphological

featues.

A comprehensive data collection and processing workftaw developed for the studyi§ure

4). Accurately positioned ground control point markers and vegetgfiensamples provided
required information for image georeferencing and classification processes, respectively. The
treelineseedling census data collected within the ecotone using a transect tape methodology
(following Wardle 199691; Harsch et al., 2012yas then used subsequently to position tree
seedlings occurring in the ecotone within thatgply explicit context of the drone derived
imagery. Thermal and LiDAR flights were performed only for the Craigieburndsi¢éeto

budget limitations.
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Field work

Treeline census

L ~ . UAV flights
- * RGB+Multispectral
. N *  Thermal+Lidar
Thermal (20 cm)
morning + noon

RGB (2cm)
Multispectral (5cm)

|

Image classification ] : e
~ + Segmentation B e 0 %
D ettt Pulse difference
* Accuracy assessment DEM (20cm)

N ——

+ (Callibration
* Mosaicking
* Orthorectification

.

1'-
wrd

Seedling pos:tlon

Vegetation classification

Vegetation helght Solar radiation

Figure 4. Overview of the technical workflow. A preliminary field study essd vegetation

at site (Craigieburn & Mt Faust), decided the scope of the UAV operation and supported
georeferencing by plawy ground control pointsThe generated images were consecutively
orthorectified and post processed and the results were vedi&liambination of outputs were

used to derive ancillary datasets (e.g. plant height). Thermal and LIDAR datasets were only

cadlectedfor the Craigieburn site.
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2.2.2 Field setup (Ground control points and vegetation gretutt survey)

To enable the accurageaeferencing of collected drone imagery two differential GPS (Emlid,
Reach RS+, Singlband reatime kinematic GNSS receifewere used to spatially map
ground control points, deployed at the site in the form of 0.5 m? chessboard structured plastic
pands arranged in alignment with the planned drone flight paths. These reference points were
used during the photogrammetric atéctification process to accurately spatiallyreterence

the collected RGB und multispectral drone imagery. Additionally, tfieréntial GPS was

used to collect locations of plant/vegetation patch features across the study area to be used as
a grounetruth dataset. A total of over 600 poivdsed plant identifications were carried out

for each site to verify the accuracy of tieeotely sensed image classification.

2.2.3 Collection of RGB colour & multispectral UAV imagery

For the RGB (redyreenblue) colow imagery, | used a DJI Phantom 4 (SZ DJI Technology
Co., Ltd, China) UAV with standard equipment and 5870 mAh batteries. Thiswbs&\also
equipped with a Parrot Sequoia+ (Parrot SA, France) multispectral and sunlight Benser (
5).

Sunshine sensor Body

Response (%)

550w $40 w 735 wm— 790

550 s 40 w735 w— 700

Wavelength (nm)
Figure 5. Relative spectral sensiity for the Parrot Sequoia+ multispectral sunshine sensor
(left) and body (right). Both sensors featured four spectral sensors with the same filters: Green

(550 nm), Red (680 nm), Redige (734 nm) and Neamfrared (790 nm) (Parrot SA, France).

The setupncorporated an elongated antenna with the light sensitharmultispectral
camera attached underneath the drone body facing downwards. Flight plans were developed

using the softwareUniversal Ground Control Station Version 3.1.817 (UgCS; SPH
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Engineeriny , Latvi a) and the compat i BHEEgnéenmyr oi d
Latvia). The software gives a visual presentation of the projected flightfagthr€6). Fa the
topographic information | used an 8 m resolution digital elevation model for New Zealand
(GeographxLINZ, 2016). To provide an approximately-2 cm resolution RGB imagery, the
drone is programmed to fly 50 m above ground level, using an 8 m digital elevation model to
approximate the heighmformation This procedure also helps to avoid obstacles (e.g. trees,
boulders) which are not incorporated in the DEM. The software alsodpsy based on the
selected drone type, an estimate for the number of way points, length of the flight anddexpecte
flight time based on the topographic heterogeneity and start and landing points. It is important
to note that due to #dadditional weightdded by the custom multispectral setup on the drone,

a battery test indicated that | needed to decrease thetffighto amaximum of 12 minutes.

The camera specifications provide a minimum photo interval of > 5 seconds which required
me to slow down thflight speed to match the image overlap requirements foipposgssing.

The estimated flight path itself theoeé was aesult of a tradeff between area covered,
topography and battery life. The projected flight time did not incorporate informafiated

to conditions at the site; for example, on windy days the flight path would need further
adjustments whiclsannot be rade in the field. With all these limitations in mind, the setup
enabled me to cover an area of approximately 200 x 200 méResrfutes single batteryl

ha) while flying at 5 m/s before | was required to land the drone.

Figure6: Planning drone flights in UgCS$he software features a 3D model of the projel

flight paths and includes projections foethstimated flight time based on the UAV selec

35

/



The builtin attachments of the multispectral and ligkehsors enabledh¢ capture of colour

RGB and multispectral imagery simultaneously. However, both image sensors need to be
controlled separately &ia WiFi connection and the Sequoiat+ sensor was accessed via an
Android browser on the mobile phone. For ihidal setup pior to departure, and along with
communicating the prplanned flight path with the UAV, the multispectral sensor had to be
calibrated using a manufacturer provided calibration target plate. The calibration step was
repeated podtight. Since the multispetral camera operates independently from the RGB
setup, the camera was programmed timntecvalpt ur e
of 4 seconds to match the velocity of the UAV and the respective overlay requirements for the
photogrammetry softare. To process the collected image data within the photogrammetry
software, latitude and longitude information was extracteoh fifte image metadata. For this
pur pose t h@arvéy RAO)FwWh uséddo automate the extraction process and
multispectral image coordinates were saved in a *.csv text file format uedaklater within

the photogrammetry software.

2.2.4 Photogrammetry pogirocessing

| used the photogrammetry sohre Pix4D (Pix®, Switzerland) to link and georeference the
UAV -collected image snapshots. To process the individual images into a single emsaick
orthorectified imagean overall proportional overlap of > 80% was required and the ground
control pointswere placed topan across multiple images and close to the outside margins of
the area. The ground control point locations were imported fronfidltesurvey files and
ground control points and imagery files were converted from the WGS 1984 geographic
projection into tle local New Zealand Transverse Mercator NZGD 2000 (NZTM 2000)
projection. After an initial preview of the mapped area was crdxtseld on the coordinates of
the individual imageries, the footage was used to link the projection inforniatioeimported
georeferenced ground control points beforeurening and finalising the photogrammetry
process. The procedure wasro@ and optnized (manual GCP identificationyntil all the
ground control points were correctly georeferenced to a goeciof £ 5 cm. @ce the
orthorectified image was completatie result was exported as a *.tif image file and further
processed in the classifica software For the multispectral imagery, the above process
involves the extra steps of adding the extrdatoordinates wia *.csv file and the reflection

panel valuesTable3) for calibration plate arentereal.
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Table3: Reflectance values for the calibrated reflectance panel for the multispectral sensor.

Band Value
Green 0.55
Red 0.55
NearInfrared 0.49
RedEdge 0.53

As an initial accuracy assessment step duringpastessingboth results were imported into
ArcGIS Pro v.2.2.3ESRI, 2020)to perform a visual interpretation of the overlay by using
transparency and swipe tsolithin the software to switch between RGB and multispectral

imagery Figure?).

Figure7: Overlay of RGB and multispectral output for Mtusa (top) 5 cm resolution output
of the multispectral imagery (false colour) vs. (bottom) 1 cm resolution RGB output to estimate

the accuracy of early outputs by aeating vegetation boundaries.
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Once completed, the performance of dnrthorectification and coegistering of both
imagedatasets (RGB & multispectral¢quired evaluation. used ground control points and
distinctive features within the sites (e.gcks, flowers) to determine the centre of those features
within both spectl layers Figure 8). Thedistance between both points were then measured

to assess the overall accuracy of theegistration of both datasets.

013 025 05 Meters
$3 GPRaE

GCP Multispectral

N

A

Figure8: AccuracyassessmenRMS) of RGB vs multispectral imagery for Craigieburn Valley
by manually selding GCP centres in ArcGIS Pra,c) RGB imagery and (b,d) multispectral
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imagery with ground control points (GCP). (e) Overlayboth spectral layers to quantify

spatial displacement.

2.2.5 Objectoriented image classification using the eCognition software

Land cover type classification of the generated imagery was conducted in eCognition
Developer 9.0 software (Trimégl Germany). | ust an objecbased classification trained
against the gnendtruthed vegetation field survelata The approach involved a segntation
procedure, followed by the application of a classification algorithm. The three colour layers
(Red, Green, Blue) and foumultispectral layers (Green, Red, Red Edge (RE), aral Ne
Infrared (NIR)) formed a total of seven layers were used as thedaga to this proces§dble

4),

Table4: Overviewof spectralbandinformation retrieved via drone surveys

Name Sensor (Imagery) Resolution (cm/pixel)

Red Phantom 4 Camera (RGB) 1.088

Green Phantom 4£Camera (RGB) 1.088

Blue Phantom 4 Camera (RGB) 1.088

MS Green Parrot Sequoia + (Multispectral) 5.646

MS Red ParrotSequoia + (Miltispectral) 5.646

Red Edge (RE) Parrot Sequoia + (Multispectral) 5.646

Near Infrared (NIR) Parrot Sequoia + (Multispectjal 5.646
The O6multiresolution segmentationdé applie

average heterogeneity of the imaggects based on their equallyeighted spectral values
(Trimble, 2020) The result was an image segmented into objects that were relatively spectrally
homogeneous (across all thie speatal input bands) in comparison to neighbouring objects
(Figure9). After a series oftestrunls, used di fferent object O6scal
parameter satigs for the generated objects between both sites.stale parameter defines

the maximum number of pixels to be included in a single object. The shape criterion decides
how much inportance the algorithm assigns to the spatial structure of each putajieet o

relative to their spectral reflectance valuéne higher the shape parameter value the smaller

the influence of the spectral band data in the algorithm uses in for the satjomgfitrimble,

2020) The compactness parameter tcols how much weight the overall compactness

(perimeter to area ratio) tfie object adds into the decision process, withdéngompactness
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values forming objects with a smaller perimeter relative to their giegasnble, 2020) To
account for the increased vegetation heterogeneity for the Mt Faudesited a range of scale

and compactness criteria to verify the algorittiineating the objects. | decided to deseea

the sze of the objects generated and lowered the weight of the compactness criterion since the
generated objects were too large tooart for the increasing vegetation heterogeneity at site
(Scale: 100, Shap 0.1, Compactness: 0.9) over the Craigieburn(Sicale: 250, Shape: 0.1,
Compactness: 0.7).

Figure 9: Example output for the segmentation process aFadist (Scale: 100, Shape: 0.1,
Compactness: 0.9). While only the RGB chels are illustrated, the software used all 7 UAV

derived spectral bandg &ble4) for the segmentation process.

Since the Craigieburn sifeatured lage sections of bare ground and scree, prior to the
classification step, | computed and used the Normalized Differ¥egetation Index (NDVI)
to clearly distinguish between objects containing vegetation andgbaued objects. Each
generated lgject had asociated mean values for the spectral band data comprising each object;
based on these mean values | calculatetean layer value for the NDVI (1) based on the

information | have from the multispectral bands:

0 0w >— (1)
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Every generated object containing any form of vegetation now had assigned for the
vegetation indices. Usingithinformation, | filtered out the scree slope zones (NDVI > 0) and
performed a merge to combinke individual objects into few lge scree slopes without
vegetation and excluded them in the following classificatiigure 10). This concluded the
segmentation process and the classification wagdasut using these gené&zd objects.

Figure 10. Example output of excluding areas without vegetation for the Craigieburn site.
Unvegetatedreas of the imagy have been excluded from the segmentation and classification
processes by removing featuresiwh do not contain spectral information typical for vegetation
initial (NDVI > 0).

Once the segmentation process was completed, all generated objects cepettradi
band mean values, as well as softweaiteulated values fothe NDVI (Figure 11). The
sof tware also automatically assigns a spectrHt
average pixels are up to a range of 254dlculdged spectral mean values within the objects
were used as input to a supervised classifinaalgorithm.Based on the results of a field
survey and the initial classification output | decided to define 6 subclasses of ground cover:
Bare unvegetatedground (scree), tussock grassesChionochloaspp.), mountain beech
(Fuscosporacliffortioides) and three types of alpine shrubBrdcophyllum uniflorum

Leucopogon colensdPodocarpus nivalis
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Image Object Information v o X

Feature Value -
Image Object Related Features

Customized
NDVI 0.3999819
Vegratio 0.00209965

Layer values Mean
Blue 94,7524275
Brightness 49.0937609
Green 119.0525046
Layer 1 (undefined)
Layer 2 (undefined)
MSGreen 0.1597675
MSRed 0.1161005
NIR 0.2708896
RE 0.2879130
Red 129.0167238

Figure 11: Mean Spectral value®r individual objects within the Pix4D environmenthe
table within the software shows objeetated spectral mean values for the seven channels used
plus the calculated values for the NDVI and brightness for the sample (htghlighred).

A nearestneighbour (NN) classifier with a manual pselection of fieldbased

vegetation sample locatisrwas performed in order to train the algorithfig(re12).

Figure 12: Selection of trainig samples for the supervised classificatibrained dataset for
the supervised classificatioR: cliffortioides(teal), Dracophyllumspp. (yellow),Leucopogon

colensoi(red) andPodocarpus nivaliggreen).
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eCognition provided two helpful features to irease the confidence in selecting
individual objects for the training sample dataset and th¢ efiestive spectral band selection
to distinguish between classes. The sample editor provided an overview betweentdifferen
sample sets for the respective viagjen. The example belowrigure13) shows a compariso
of the spectral bands overlay fBracophyllum(Draco, black) and the woodyeucopogon
colensoi(PM, blue). Here the information in the near infrared reflemaband showed a strong
overlap (20%) between both selected features, distinguishing bothdindgetation based
on the NIR reflectance would therefore result in misclassifications. The red reflectance shows
an overlap of 1% and was therefore a pref@mliscrimination parameter between these two
classes.

Sample Editor » 0 X
Active class Compare class

Draco = P

Mean Blue
J [76.396 - 151.8] StdDev.: 18.6366403
Wl uilhu W 1L ow [103.1843137 - 217.2823529] StdDev.: 29.6673241
0 316 633 343 1255 1581 1838 2214 253 QOverlap: 0.08
ean Green
. m [100.8823529 - 160.451] StdDev.: 126655684
Ak b [120.7058824 - 194.0784314] StdDev.. 18.5423383
0 206 813 919 1225 1531 1838 2144 245 Overlap: 0.02
Mean M3Green
:LW.Hh [0.1294118 - 0.2841178] StdDev.. 0.04280808229
Ll [0.1411765 - 0.2195078] StdDev.: 0.01980248187
-0 043 025 038 050 062 075 085 1 QOverlap:0.35

Mean MSRed

L [0.07450880392 - 0.2666667] StdDev.: 0.04853531639
anldli s o [0.088035215568 - 0.1882353] StdDev.: 0.021805054593
-0 012 025 038 050 063 075 088 1 Overlap: 027
Mean NIR
dﬂ. [0.204 - 0.33035922] StdDev.: 0.0458503206
L. m [0.2392157 - 0.3284118] StdDev.: 0.0236518905
-0 043 0325 038 050 053 075 088 1 Overlap: 0.20
Wean RE
l [0.2274510 - 0.4156863] StdDev.: 0.05277325563
lmil.llu] 1 [0.2666667 - 0.3647059] StdDev.: 002771457451

-0 043 02F 028 05 082 07F 08B 1 Overlap: 024

Mean Red
u [108.1372549 - 162.2823528] StdDev.. 11.9912872
Gl s alded [147.098 - 194 548) StdDev.. 14.504
] 0.3 605 S8 1210 1513 1815 2118 242 Overlap: 0.01
Wax. diff.
[2.3686275 - 2.8078431] StdDev.: 0.1164088
ﬂuu. [2.3372549 - 2.7137255] StdDev.: 0.08484957656
0 05 100 15 20 25 30 35 4 Overlap:0.38
NDWI
[0.03528411765 - 0.6382157] StdDev.: 0.1396881
! luljl]m: i

[0.1843137 - 0.4666667] StdDev.: 0.07516747715
1 75 D30 025 000 025 050 075 1 Overlap: 0.25

Figure13: Mean spectral reflectance values for different vegetations within the sample editor
Faust, supervised samples foracophyllum(Draco, black) and.eucopogon coles (PM,

blue) for MtFaust with derived mean reflectance for calculated objects for RGB (Reeh,Gr
Blue) and multispectral imagery (MSGreen, MSRed, RE = Red Edge, NIR = Near Infrared,

NVDI = Normalized vegetation Index).
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This process enabled me to aefia preselection of training samples and parameters

that | incorporated into the classificatigprocess. Using spectral bands which share more

similarities than differences can have adverse effects of the separation of features. eCognition

offers atoolc al | ed O6Feature

classes and speatibands the software calculated the bands with highest quality and the correct

Space

Optimizationo

guantity required to achieve the best possible separation feger¢ 14). The results oftte

NN supervised classification were then exported asSréddy shapefile (*.shp) to be used

for further analysis.

Separation Distance

1w R

T 1 T
2 3 4

0.0y

[E=J R

[rer R,

Figurel4: Separation level vs. selected number of bawith multiple ®lected spectral bands

(dimension) theconfidence in the separation of all selected classeeéases. Once a certain

t

degree of separation has been achieved the curve flattens since additional parameters have little

to no benefit in enhancing the degreesgparation.

2.2.6 Classification accuracgssessment

To assess the accuracy of classifications ef @naigieburn and Mt Faust images, an error

confusion matrix was created in ArcGIS Pro. The procedure involved creating 500 randomly

distributed points within e classified area and assigning thelue of the underlying

classification to each point. Thalue in the field was then manually compared to the ground

truth information from the field survey. An estimate for the effectiveness of the classification

proaess was performed using tKeppasinge-value metric to measure agreement between

classificatian and truth values
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2.2.7 Collection of thermal and LIiDAR data

Thermal infrared and LIDAR data were collected for the Craigieburn study site. The thermal
imagery flight was carried out by an external contractor with an Altus ORC2 UAV (Altus
Intelligence, Hamilbn, New Zealandrigure15). To compare thermal profiles over a diurnal
course, two flights were carried out in austral winter (Ma$})2@ the morning and early
afternoon of the same day. The thermal sensor used is a FLIRDUy with a 64 512
resolution, 7.5 13.5 um spectral bands, 9 Hz thermal frame rate and a 32° field of view (FLIR
Systems, Wilsonville, OR, USA).

Figure 15: Helicopter drone (Altus Orc2 UAV) at Craigieburn Vall&he UAV wasused to
generate LiDAR and thermal imagery for the site in austral winter (M4yZ101.9).

The LIDAR data were collected using the same flight platform @igethe thermal
imagery Figure16) but on a separate flight in betwetre two thermal flightsThe output
from the LIiDAR flights was a dense point cloud dataset for the entire Craigieburn site with a
distance between points rangifrom 0.1 to 0.5 m. A pointloud dataset was generated in
ArcGIS Pro and used to create aMigsolution digital elevation model (DEM) of the
Craigieburn study site. | created two versions of the DEM, one showing the vegetation surface
information (e.gtop-of-vegetation canopy) a@nanother representing a ground level DEM. To
create a DEM reprenéng just the top of the features ArcGIS Pro offers an algorithm picking
the highest value within the proximity and then creates a digital surface modeéreimigethe
top-of-vegetationd y er f or t he site ( 6canopmethodRees,r ns o) .

2007)to separate the first and last palsecorded for the LIDAR data. | employed an ArcGIS
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Pro algorithnmto estimate maximum pulse difference to generate a ground level DEM and first
return information to create a top vegetation (e.g. canopy) DEM. Consecutigelytracted
both DEM files fromeach other to generate a vegetation height ldgigufe16b,c).

15 30 £ Maters

Figurel6: Digital elevation points generated from LIDAR output for @raigieburn site. The
image shows eomparison between RGB imagery (a, 2 cm resolution) and the digital elevation
points (b, 20 cmY¥or a selected area within the Craigieburn site and highlighted individual
vegetation height (c). The height informatiornt@fographic features and vegetatiserived

by calculating the maximum difference between bottom and canopy digital elevatietsmod
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2.2.8 Deriving additional environmental and topographic data

The incident solar radiation for specific days cawrddeulated in ArcGIS Pro using the top
vegdation digital surface model generated from the LIDAR dataset for the Craigieburn site
(Figurel7). For the calculation dhe incident radiation | compared a winter and summer day
(May 20", February 19). The dates chosen foretwinter and summer estimates match the
measurement dates for the chlorophyll fluorescence geapterd). For the microhabitat
characterisatio and seedling performance the LIDAR point cloud was used in the consecutive
chapter to derive information abt slope and solar radiation (Chap8r Similar to the
classification accuracy assessmensédi 500 random point values generated along the eas
facing slopes (aspect calculated within ArcGIS Pro) of the site to extract point values for solar
radiation thermal difference and identified ground cover.

Figure 17: LIDAR dense point cloud for the Craigieburn site (top) aledived 3D model
(bottom) from the LIDAR sensor UAV flight for the Craigieburn site (austral winter, 2019)
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2.2.9 Spatial referencing of the monitored seedlings

The treeline seedling monitoring transects esthbt by Peter Wardle in the austral summer

of 199091, and remeasured three times since, have yielded information about the location of
each seedling relativi® a transect line running parallel to the treeline edge at a set compass
bearing, seedling hdigs and diameters, and their tree tag numbers. Beetiling present

within 20 metres beyond the treeline edge was located in the field by recording theedistanc

along the transect at which it occurred and its perpendicular distance from transect at that
location. Thus, the locations were recorded as measme nt s made fAal ongo ¢
transect tape laid out on the set bearing. The transects were resafopi¢d time (2018/19).

To put the relative seedling transect location measurements into @ @g# format, | first

gathered centimetre accura@S positions for the transect beginning and end pBigsre

18, yellow points) ging the same differential GPS setup as for the vegetation survey. By
knowing the rekworld coadinates of the transect start and end points and the bearing of the
transect section, the relative seedling location information (along and from distances) wer
spatially referenced in the GIS to a New Zealand Transverse Mercator coorditerte Jyss

pr ocedure was repeated for all seedlings alo
used in ArcGI S pro to pl acetdstanelnforsnatiendat @a ng u s

90 ° angle from the main transect beariRg(rel8, teal lines).

O Transect pole
— Along

Figure 18 Wardle transect seedling da#3{06'40.6"S 171°42'53.2Eraigieburn Valley)
converted intdwo-dimensional space. Seedling position along (X, purple) and from (Y, teal)

the transect have beextrapolated from GPS located transect poles (yellow).
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2.3 Results

The resultof the Phantom drone fligh{&igure19) provided high quigy RGB (2 cm) and
multispectral (5 cm) imagery of the Craigieburn Valley and Mt Faust sites.dhtasets
enabkd usto visually identify vegetation and topographic featuyeeg. rocks, drrace riserat

site The ground control points deployed durihg field survey and the meitaformation in

the images enabled me to georeference the ddANved imagery with centimetre accuracy
(Craigieburn: 6.14 + 4.03 cm, Mt Faust: 5.11 + 2.88 cmps8gquently, | was able to use all
seven spectral layers to helptime and later classify the selected microhabitat categories via

an objectbased classificatign

|
25 50 100 Meters

Figure19: Results for the RGB vs multispectral imagery outpubimh sites. RGB images of
(a) Craigieburn and (b) Mt Faust (2 aesolution). Multispectral false colour images of (c)

Craigieburn and (d) Mt Faust (5 cm).
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Thesupervised vegetation classificatidfigure20) based on the seven spectral layers
derived from the RGB and multispectral channelgterCraigieburn ValleyRigure20c) ard
Mt Faust Figure 20d) generated highuality maps for the six most abundant ground cover
types in the alpine treeline ecotone. For both sites the approach cleizdatszl and classified
the generated object§he identification of vegetation based on NDVUdahe déneation of
the beech canopy border (teal) achieved high accuracies as supported by thebatatgsen
assessmer{Table 5 & §. Particularly the lage sections of nexegetated scree slopes at the
Craigieburn valley were clearly separated frampas lacking healgiplant life using the NDVI
(98 %). The evaluation of the results via a confusion matrix showed high accuracy for
Craigieburn (89.7 %) and tMraust (71 %). For the Craigieburn site the automatic exposure
settings within the RGB sensasulted in inconsisncies in the image exposure which | then
later resolved with a fixed exposure setting for Mt Faust. However, since the brightness channel
had low priority within the feature space optimization procedure the resulting classification
hadnot been adversebffected by it.
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- L. colensoi 0 50 100 200 Maters
- P. nivalis N
|7! Scree

- F. cliffortioides
- Chionochloa spp.

Figure 20: Results for the vegetation classification for both sites. RGB images of (a)
Craigiebun and (b) Mt Faust (2 cm resolution). Vegetation classification via spectral

reflectance bandsfdc) Craigieburn ad (d) Mt Faust.Bare, unvegetated ground (scree),

51



tussock grasse€hionochloaspp.), mountain beeckscosporaliffortioides) and threeypes

of alpine shrubsracophyllum uniflorumLeucopogon colensdPodocarpus nivalis

For the accuracy assessnien the Craigieburn ValleyTable § | compared six
classified vegetation typebB.(cliffortioides Screel.eucopogon colens@PM), Dracophyllum
spp.(Draco),Podocarpusivalis (Podo) andChionochloaspp (Tuss)) against the respedi
groundtruth types, across 500 validation samples for each of the Shalsld 5 & §. The
6user 6 s accur aablg D& §(reveals falde pasidswherathe classified points
show incorrect presence of achyed g(igviewmes |iams st. h
indicates false negatives where the ground truth comparison revealed that vegetation which
was actually present was not detected. Réygpa statistic of agreement (Kappa) provides an

overall estimate of the assessment of accuracy

Table5: Accuracy assessment matrix: o6confusi on
Craigieburn study sit&Kappasinglevalue metric to measure agreement between classification
andtruthvaluewi t h us er(0) aacrcdi rparcoyd u c e r 6K cliffodicides acy (
PM =L. colensqj Draco =D. uniflorum Podo =P. nivalis Tuss =Chionochloaspp

Class | Beech| Scree | PM | Draco | Podo | Tuss | Total U
Beech 159 0 3 0 5 0 167 | 95.2%
Scree 0 145 4 0 0 1 150 | 96.7%
PM 0 1 30 0 0 6 37 81.1%
Draco 0 0 0 19 2 0 21 90.5%
Podo 0 1 2 4 29 1 37 78.4%
Tuss 0 1 6 0 2 79 88 89.8%

Total 159 148 45 23 38 87 500 0
P 100% | 98% | 66.7% | 82.6% | 76.3% | 90.8% 0 92.2%

Kappa 89.7%

52



The results(Table § for the confusion matrix for th€raigieburn Valley show an
overall Kappa statistic of agreement of 89.7%. The highest accuracies have been achieved for
theclassification of beech trees atugsock (< 5% misclassified), whereas datd_farolensoi
and Chionochloa sppwere most frequely confused with one another atite woodyL.
colensoiand P. nivalis showed the highest degree of uncertainty, with 33 % 24 %

misclassification, respeetly.

Table6: Accuracy assessment megetaiion classicatomatthes i o n
Faust study siteKappasinglevalue metric to measure agreement between classification and
truth values wil)h asermrso dwacar Gsh alifatioideacy ( P)
PM =L. colensqj Draco =D. uniflorum, Podo =P. nivalis Tuss =Chionochloaspp
Class Beech PM Draco | Podo Tuss | Total U
Beech 86 2 0 1 0 89 96.6%
PM 1 106 3 3 42 155 68.4%
Draco 1 10 22 1 15 49 44.9%
Podo 3 6 1 51 5 66 77.3%
Tuss 0 9 2 5 125 141 88.7%
Total 91 133 28 61 187 500 0
P 945% | 79.7% 78.6% 83.6% 66.8% 0 78%
Kappa 71%

The results for the confusion matrix for the Mt Faust site show only 5 classes, since
scree areas were lackinghe overallKappa statistic of agreement was 71 %. The highest
accuracies were achieved for tiiassification of beech trees (< 5.5 % misclsd), whereas
Dracophyllumspp.(55 % misclassified) and Tussock grasses (33 % misclassified) showed the
highest degree of uncertain®articularly for larger vegetation associations which incorporate
multiple spatially connected objects (elodocarpusnivalis and Chionochloaspp), the
classification procedures revealed high accuracy (up to 90%). The blugresrd spectral
bands (RGB), as well as the NDVI calculations (multispectral) were particulselalufor

discriminating between different vegttan classes.
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Calculated solar radiation maghistrated how light regimes are controlled by the
incident an¢e and intensity of the sun, where the local topography and particularly the aspect
of the mourdiin face modulate the strength of this abiotetda The calculations were based
on the top vegetation DEM (20 cm) for the Craigieburn Valley. Solar radia¢éigimes
(Wh/m?) for different times during the year were illustrated(re21).

1 T
0 25 50 100 Meters I 2000

Figure 21: Calculated solar radiation environment for Craigieburn Val(&$°06'40.4"S
171°42'51.8"E Solar radiation daulations have been performed in ArcGis Pro and are based
on the top vegetation EM generated Y the LIDAR survey (May 20 2019). RGB
visualization (2 cm resolution) of the site (a) and LIDAR generated DEM (b). Predicted solar
radiation in Wh/mz2 for a fib summer (c) winter day (d) and the same winter day using a

narrower colour scal® make pattens more visible (e).
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Solar radiation maps based on the DEM (20 cm) generated in this study revealed clear
advantages over traditionally available source maté8 m, Geographx; LINZ2016). The
high-resolution topography information eneh me to esthate effects of slope, aspect and
smallscale landscape features (e.g. boulders, trees) on the local light conditions at the

Craigieburn valley. on the lightgene Figure22).

—r 1 1 L 1
0 62.5 125 250 Meters A

Figure22: Effect of DEMresolution in predicting solar radiation regimes. The solar radiation

map based on the airborne LIDAR DEM (left, 20 cm) is compared against traditionally
availeble DEM (right, 8 mLINZ, 2016) source material for the Craigieburn Valley ustal
winter (May 20th).

Thermal imageries for the Craigieburn Valley provided a detailed illustration of the
temperature daily temperature fluctuations in the alpine treelcotone for an austral winter
(Figure23). The results improved owmderstanding of how thermal variability is modulated
by topography, vegetation and other land cover types (e.g. vegetatedfeinted) on the
thermal enviroment in the subgine belt. When comparing temperature range and ground
cover type Figure 24), | identified large differences between neggetated (scree) and
vegetated areas. Whilel alegetated ground cover types largely bugterthe temperature
fluctuations along the eastern slope, the scree areas heated up rapidiggresuhuge

temperature differences of up to 40 °C during the day.
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Figure 23: Results ér the morning and noon thermal flights a@i@reburn (austral winter,
2019). Temperature recording8C) of the UAV flights on May 20, 2019-LIR Duo Pro R,

640x512 resolution7.57 13.5 pnj for the morning flight (top), the noon flight (centre) and
the differences between both flights (bottom).
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Temperature range (°C)
5
|

1 1 1 1 1
Chionochloa spp.  D. uniflorum L. colensai P. nivalis Scree

Ground cover type
Figure 24: Diurnal temperature range by ground cover type. Medianaeatyre difference
between morning and noon UAYV flights (20 May) on east facing slopes @@réigieburn
Valley.

The random point dataset was subsequentiy hesed to illustrate the relationship
between incident solar radiation and induced temperatumger Figure 25). There was a
positive relationship between both climatic variables, underscoring the role of aspect and

topographic hierogeneity in controlling fluctuations within the temperature regime at treeline.
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Figure25: UAV -derived temperature profil@fternoon flight)as a function of the calculated

incident solar radiation at Craigieburn on May 201 2.

57



Pulse difference methods based on ground andvegptation digital elevation
information enabled me to generatecamprehensive height estimate of every vegetation
feature at the Craigieburn site. The plant height estimatdsdd7) revealed a moderate within
classvariation once | filtered outliers Wi some assumptions based on gresmoey data.
Due to technical limitation€CPU/GPU)only a subsection of the 20,000 classified vegetation

polygons is dispiged (Figure26).

Table7: Overviewmeanvegetation heights estimates

Name Colour Vegetation Height (m) | SD Assumption
Chionochloaspp Orange 0.568 0.2 Below 1 m
Leucopogortolensoi Red 0.328 0.112 Below 0.5 m
Podocarpus nivalis Light Green 0.587 0.198 Below 1 m
Dracophyllum unifbrum Yellow 0.559 0.197 Below 1 m
F. cliffortioides Teal 6.603 2.521 | Below 10 m, above 1 mm
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Figure26: 3D Visualisation of selectedkgetation height for identified microhabitats at
Craigieburn Valley. (Top) Ground cover DEM1f1, exposed) and canopy DEM (20 cm,
forest) with RGB imagery (2 cm). (Bottom) Visualized vegetation heigltulated via the
pulse difference method on grounaver DEM (1 m, complete sitdy. cliffortioides(teal),

P. nivalis (green),Chionochloaspp.(orange).L. colensoi(red) and scree (white). Note that

the displayed height is the individual height anod an averaged mean.
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The combination of topography aseledling information from the transect data enabled
me to illustrate three decades of seedtiegeneration patterns into the subalpifig(re18).
By selecting sulsamples of the treeline census program, | was able to readily Isgtween
results of field studies throughout the year and display seedlings with their ¢wigitt and
position in the field. lused the topand bottoraderived DEM as a 3D mask for the drene
derived RGB, which has been draped over the topograplbicnation acquired by the LIDAR
sensor Figure27). The DEM beyond theamopy has beenisampled to a coarser resolution
(1 m) to reduce noise on the surface layersBmpling the ground elevation model for the 3D
visualisation ofthe seedlings is a common procedure that retains-dughty elevatbn
information (Vaze et al., 2010and prevents occlusion of the 3D semgllvisualisation by
LiDAR-sensed seedlinlgvel data.The result wasa spatial layer locatingvery seedling
recorded in each of the four treeline census surveys at a georeferenced coordinate position
within the current treeline ecotone. This enablednif@mation for presence/absence, growth
performance and new recruitnteover the four measuremeperiods to be linked to the results
of the image classification, thermal imagery, LIDAR dataset, and associated environmental
data (ChapteB).
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@ Eposed seediings

Figure 27: 3D Visualisation of the Craigieburn site with seedling position anghheThe
illustration uses the drone derived RGB imagery (2 cm resolution) and drapes it over the ground
level DEM. The RGB information is draped otep vegeéation(canopy) and thgroundDEM.
Seedling position from the treeline census dataset aralbpédcated along the transect and
their recent height recordings (summer 2019) amdggerateddiameter (= height) are
displayed.
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The advantages of UAMerived datasets over the titidnally available satellite DEM
(8 m) for this region, become apparemtinvestigations of the firscale resolution of the
topography and solar environment combined with seedling monitoring Figta€28). The
LiDAR dataset (20 cm) enabled me to highlight the shading potential of individualRigese
28c-e) and the adjacenteeline Figure28d,e) modulating the radiation environment at each

site.

10 Meters

Figure 28 High DEM quality enabled shading potential of individuaes. (a) Craigieburn
Valley site with (b) RGB imagery (2 cm) and (c) 3D visualization of expésatiffortioides
trees measured as part of the treeline manioprogram. (d,e) Solar radiatiomggections
(Wh/m2) based on DEM (20 cm) in ArcGIS Pro emabthe illustration of shading potential of

the treeline in (d) winter and (e) summer.
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Overlaying top vegetation DEM (20 cm) with the thermal range (morningoes)
enabled me to characterise that niches in the alpine treeline ecotone with remarkable
precision (Figure 29). Solar information was software calculatédgre 29) based on the

position of the sun, the thermal information was UAV deriveguyre29a,c).

50100 200 Meters

thermaldifferenceinformation(20" May 2019, morning vs noompove canopy is draped over
the top vegwtionDEM (a, c¢) Seedling position from the treeline census dataset are spatially
located along the transect and thesight(summer 2019) and diameter (Sdte) information
weredisplayedand compared againgtd calculated solar radiation (b, Wh/rf8) the same

winter day.
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2.4 Discussion

The novel dual image capturapproachharnessinghe power of UAVmounted RGB and
multispectral cameras allowede to createa detailed classification of the alpine treeline
ecotme. By supplementing the datasets withographic, thermal and radiations maps and
linking the results to three decades of seedling monitoring data we can investigate the role of

relevant abiotic lintations hampering current treeline advance.

Classifcation procedures profited immenselyrfradhe centimeter resolution datasets
(Yan et al.,, 2019)and particularly the delineation of vegetation boundariesedbaon
multispectralderived NVDI data revealed remalita accuracy Table 5 & §. The results
highlighted the important synergy between UAV deployment, high resolution datasets and
vegetation indices for mapping vegetation ca\deiChen et al2016; Weiss & Walsh, 2009)
Separation between vegetation types revealed inconsistencies for smaller plant associations
(e.g.Dracophyllumspp.60 to 90 %Podocarpusnivalis 60 to 80%) due to a high overlap in
the spectral bands predominantly used fa #eparation (> 30 %, NDVI, green (RGB)) and
the minimum object size selected for the classification algorithm. The high consistency in
identifying F. cliffortioideswas probably at least partly attributable toldek of fragmentation
of the closed cangpand its abrupt transition into the subalpine belt ecotone. The selected
minimum object size within the classification algorithm prevented consistent idatiificof

individual seedlings (< 1 m) within the subialg belt.

The recommended use of airberniDAR sensorgCawood et al., 2017; Gallay et al.,
2013)facilitated orthorectification procedureésG a g a k e and fehed creatidgdamcdlgry
datasets such as the solar radiation calculationsegetation heighfWeiss & Walsh, 208).
While limitations in the sensor resolution restricted consistent estimatdandfhgight, the
issue is expected to be resolved with higher quality seasm enhanced sampling rates where
the laser is more likely to fully penetrate the vegetatiovec. The final output revealed an
estimate of microhabitat height for over 20,00ssified objects within the Craigieburn site
andillustrated effects ofmedanical insulation (facilitative feedbaddarsch & Bader2011)

within the vegetation microhabitats (see Chapter 3).

Seedling regeneratigratterns within the subalpine are often hampered byindigced
photoinhibtion processes. The effect of existing alpine vegetation in modulating the light
environment halong been theorized in this contéRall et al., 1991and | was able tepatially

characterise itigure28). Winter solar projections revealed that seedlings which recruit close
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to the existing treelineroeastfacing slopes are in a state of perpetual shade close to the winter
solstice(Fig. 28) This is particularly elevant for treeline sites which are believed to be limited
by coldinduced photoinhibitior(Ball et al, 1991; Germino et al., 2002; ReyB&z et al.,

2005; Sakai et al., 1981; Chapter HW)an dpine treeline ecotanis constrained by coinciding
frost and high radiation but seedlings successfully recruit within the prolonged shades in
winter, we can naow down the relevant season for thtentialrecruitmentottleneck The

solar radiation envonment can be caltated readily for georeferenced digital elevation
models and therefore provide a powerful tool in predicting light limited ecotone boshifésy

in alpine zones.

Exposed, eadtacing scree slopes heated up quickly throughout theresyiting in
temperatire differences of up to 35 °C between morning and noon flights 23) The
detailed topography data derived with LIDAR technology ftatéd the process of spatially
locating the thermal profiléBoesch, 2017)The finescale 3D thermal profile of the subalpine
belt is an important tddo help us understand how temperature is modulated by topographic
features and vegetation aites The identificatbn of taller, exposed features of plant
communities can help us understand the role of humidity, solar radiation and wind speed
controlthethermal variability of a speci€keinonen et al., 2006; Smigaj et al015%) Further,
| was able to identify differences in the temperature range exposed on thenimaety east
facing slope of the Craigieburn site. Randomized point values for the diurnal thermal range
(morning vs noon, austral winter) reveatee effectof ground cover type on the temperature
deviations experienced by the plants. Temperature #tiotns were more praninced for non
vegetated surfaces and the classified microhabitats within the subalpine were able to buffer the
temperaturevariability inthe subalpineThis effect is discussed in more detail in the following

chapter (Chapter 3).

The methodology to geoference seedling transect data to its spatial context and
relevant ecological drivers revealed an immense potential in deciphering theofrole
microhabitat characteristics in facilitating seedling establishment (e.g. thermal/ligmejegi
and hence futur&eeline migration. The workflow of georeferencing existing transect poles
requires little effort and enabled me to use k&N monitorirg data and put it in a spatially
explicit context. This information can be visualized in the sfiace and linked tceedling
performance (recruitment, growth, mortality), microhabitat features (radiation, thermal,

topography) and ground cover type (for lgse see Chapter 3).
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The combination of high resolution spectral, topographic and temporahtatadata
generaion pipeline highlights its potential to become a powerful tool for alpine treeline ecotone
research. The workflows introduced within thisapter enabled me to create a detailed
characterisation of the ecotone and put current reseguektions (seedlingecruitment
bottleneck) into a spatially explicit context where we can predict variation in the thermal and
light regime throughout the yeaExisting monitoring data for ecotone migrations benefits
immensely by linking seedling positido spatially identied microhabitat features and can be
used for consecutive microhabitat studies (Chapter 3). The methodology is currently only
limtedbyhe resolution of the sensors and the 0w
used for he interpretatior(Weiss, 2009) With technological advances we will be able to
employ sensrs capable of further discrimination of vegetation types and even differences in
phenological ®ages(Weiss, 2009; Weiss & WalslZ009) The combination of a spatially
explicit characterisation of the subalpine with ldegnseedling census data within an alpine
treeline ecotone provide a huge step forward in understanding ecotone boundary dynamics and
identifying the role of micrbabita heterogeneity and availability of climatic niches to facilitate

migration patterns.
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3 The role of subalpine microhabitat variability in controlling tree

seedling regeneration patterns

3.1 Introduction

Disentangling the ecological factors thatconsgbeci esd range | i mits 1is
standing aim in ecologftouthan et al., 2015)As the effects of climate change accelerate, it

is citical to understand how tree populations at their f@tgvation treeline boundaries are

likely to respond t@hanges in environmental conditions, and thustidrethey are likely to

migrate uphill. Variations in local microhabitat conditions just beyidtreeline can have a

large impact on determining the fate of dispersing tree seeds into the treeline écdésms

of providing 6 smdrugmestiartd susvivdEMiott,r201%; elarsdh & Badgr,

2011; Pyatet al., 2016; Scherrer & Korner, 2010hese safe sites typically comprise a set of
conditions, often creatieby the shading or cooling effects from otheretagjon or physical

objects, that overlap the fundamental niche of dispersing tree speciefiusnéadilitate

seedling establishment and groWatllori et al., 2009; Resler et a2005) Treeline migration

can be hampered bydtavailability of these microclimatic niches which reduce the effect of a
pronounced macroclimiatstress gradient above treeli@dftine & Malanson,2004) O Ti ppi ng
pointsé for treeline advance are rehabitadtsed onc
effectively suppress macroscaeposed limitations in the open shrubland to allow a closed

canopy brest to develop. However, we currently lack fswale spatially explicit datasedt

the treelineto characterisenicro-climatic opportunities m the subalpineTo predict future

treeline migration, we are required to monitor changes in vegetation catpmymamics and

predict their role in controllingree regeneration in the subalpine.

Treelines which show an abrupt transition into the subalee bel t (6abrupt
remain relatively unresponsive to global warmifitarsch & Bader, 2011and vary with
spedes and site limitationgTreml & Veblen, 2017) Such abrupt ecotone transitions are
hypothesised to be the result of drivers predamtiy acting on the vulnerable recruitment
stage, where pronounced figeale stressors in the treeline ecetoause early dieback which
often leadto seedlig mortality(Germino et al., 2002 hus, seedlings recruiting successfully
into the abrupt trealie ecotone frequently occur in safe sites that provide thermal conditions
decoupled from ambient air temperas(Batllori et al., 2009; Malanson et al., 2011; Scherrer
& Korner, 2010) In particular, the presence of previouslstablished conspecific or otherdse

in the ecotone can promote treeline advance patterns due to snow retaining(Béielcts,
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2005) protection from abrasio(Bekker & Malanson, 2008pr the provisia of a sheltering
canopy( Gr Tt e k pother éopographi@f@atur2s) such as boulders and terrace risers can
also sere a similar protective rol¢Resler et al., 2005)Thus, such features can provide
steppingstones for a species ecotone shift, allowing migrating species to escape negative
effects associatedith broaderscale changes in climatic stressors such as air temperature
(Graham et al., 2012; Scherrer & Kérner, 2010)

In New Zealand the ecotone transition from the two tredionming beech speciés
fuscosporandN. lophozonianto the subalpine belt is remarkably abr(\pardle, 2008)This
indicates thatthe current altitudinal limits of the treeline are only partially restricted by
gradually declining mean growirggason temperatures with altitude. This finding is in line
with the hampered upslope advance of these species, showing little response szatecro
drivers despite increased seed production over the last 30(jRehardson et al., 2008nd
an average temperature increase by 0.0Mdlan et al., 2008)This is further suported by a
15 year long treeline census where the results show no evidence for a forest expansion and the
authors attribute this to a recruitmdimitation within the adjacent subalpine b@tarsch et
al., 2012) Studies suggest that the current treeline position is created bysoaldi effects,
whee macroscale thermal drivers at broader scales are modulated by physiological and

disturbance type drivers at finer scal€sse & Duncan, 2014)

Seedling coloniasiation in the subalpine can be induced by the presence of favourable
climatic sites which mimic microhabitat conditions under the forest canapylerrease the
environmental gradient by clear positive directional feedb&aktine & Malanson, 2004)
Previous studies have indicated that the preseingult trees protect early recruits underneath
the canopy from frost and radiation, facilitating their initestablishment(Norton &
Schonenberger, 1984; Wardle, 1971, 20@Rirther, there is some evidence that othev; lo
statured vegetation in the abeveeline subalpine belt can also provide such a protective role.
The vegetation in this zone is dominated loyv to medium stature tussock grasses
(ChionocHoa spp), Dracophyllum uniflorumPodocarpus nivaliand lowlying prostrate mats
of Leucopogon colensdiigure 30). A previous field study revealed seedling prefessn
towards sheltered, bare soils, suggestivaj beneficial, interspecific associations only occur
if there is a balance between facilitation and competition for reso(legsch, 2010)Thus,
the probability of establishment of beb seedlings in this subalpine zone is dependent on the
guality and spatial availability of these microhabitats. By studying the spatiotemporal patterns

of seedlings that have recruited into the subalpinedoeitone, we can gain insight into the
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potentid role of microhabitat features that might in enable new upslope recruitment in these
abrupt treelines. In turn, this insight will provide a basis for predicting the pace of treeline

ecotone shifts in the facd a rapidly changing climate.

Figure30: View onsubalpine vegetatioolassified in Chapter Zohionochloaspp.,L. colensoi
intersected with screegdjacent to th€. cliffortioidestreeline at Craigieburn Valley (Déweler,
ca. lpmJanuary27th,2018 43°06'40.4"S 171°251.8"B.

Our best dataset for current treeline dynamics in New Zealand is provided by the
southern beech treeline monitoring transects established by P. Wardle and colleagues in the
summer 1990 and 1991 fate treeline locations across the country: &aV of these transects
were remeasured for the fourth time over the summer of 2019, providing a record of > 0.05 m
tall southern beech recruits beyond established cafidpysch et al., 2012)This dataset
provides us detailed information about seedlingsaah site, but currently has not been put in
the context of subalpine microhabitat biotic and abiotic heterogeneity. At the remeasured

Wardle transect at the Craigieburn treeline site, | used the-bbséd data (Chapter 2),
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microhabitat temperature loggédata, and three decades of seedling cendasvaach have
been spatiallyreferenced, to explore spatiotemporal relationships between recruiting seedlings

and treeline ecotone microhabitat variation.

This study aimed to map spatial pattern§ ircliffortioidesrecruitment and growth in
the subalpineand relate those patterns to microhabitat variation. | measured microhabitat
variation at one treeline site encompassing multiple elevations, aspects, slopes and vegetation
cover. | hypothesized that seedlingsuld be more likely to recruit into favourab
microhabitats which reduce seedling exposure to macresoptesed climatic extremes (e.g.
temperature, radiation) and, therefore, successful tree colonialization of the subalpine is limited
by the availabity of favourable microhabitats. Further, | pothesized that favourable
microhabitat effects would also be reflected in seedling growth rates, and specifically, that

morning temperature, aspect, and vegetation cover would predict seedling growth.

3.2 Materid & Methods

3.2.1 Study area
This study took placetéhe Craigieburn Valley-43.111, 171.713) site, 1365 metres above sea

l evel on a southeast to southwest aspect on
The site shows frequent frost events thilwug the year (135 frost days) and has an annu

rainfall of c. 1300 mm. The adjoining subalpine zone is characterised by herbaceous shrub
communities, dominated kyhionochloaspp tussock grass specid3tacophyllum uniflorum

Hook.f., D. longifolium(J.RForst et G.Forst.) and/@®odocarpus nivaligHook.)woody shrub

patches, prostrate mats béucopogon colensqHook), and individuals oHebe spp and

Aciphylla squarrosa(J.R.Forst. et G.Forst) occupying some zones between tussocks and
woody shrubs. lrerspersed across the more arid terrain oCttaggieburn Valley are bare scree

slopes;LeucopogorandHebespp. are the first plant species to establish in these areas

3.2.2 |Initial parameterisation of the ecotone

The analysis in this chapter used a numbeataihsets representing abiotic variation,etajon
distribution, and beech seedling locations, across the Craigieburn alpine treeline ecotone
(described in detail in Chapter 2) In brief, these datasets included: (1) a GIS vector polygon

layer of six vegtation types which were delineated via a suged classification using UAV
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collected colour (RGB 2 cm) and multispectral (5 cm; Red, Green, N&arRed edge)
imagery; (2) high spatial resolution thermal data acquired for morning and noon flights (20
May, 2019) using a is a FLIR Duo Pro R, w#h640x512 resolution, 7i513.5 pm spectral
bands, 9 Hz thermal frame rate and a 32° field of view (FLIR Systems, Wilsonville, OR, USA);
(3) a digital elevation model (DEM, 20 cm) generated from ®VectedLiDAR data; (4).
seedling information (posdns on the transect, survival, size) taken at three measurement
ti mes, over a 30 year period, from Wardl eods
which | accurately gepositioned using a differenti&PS; and (5) incident solar radiation
(Wh/m? calculated in ArcGIS Pro (2.3.3) based on the 20 cm DEM for different time periods
(day of UAV flights, seasonal sums, annual sum). The five datasets were compiled as spatial
layers in ArcGIS. Based on thegition of the forest edge, a 40 m distancygan was created

to represent the potential recruitment zone for beech seedfimusd31); beech seedlings are
typically found within 10 m of the fest edge, altha@h individual, larger beech trees
occasionally occur up to 20 m or so further uphill.
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Figure 31: The main spatial datasets used for modelling microhabitats and seedling
microhabitat relationships within the 40 treeline ecotam zone (blue) for the Craigieburn

Valley. Environmental variables (incident solar radiation (year, summer/winter day, thermal
information (morning, noon, difference), slope) were sampled for every m2 (blue points).
Seedling positions (repoints) wereexa po |l at ed from Wardl ebds tree

(Chapter 2)
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3.2.3 Exploring spatial patterns of seedling recruitment

Seedling census dataavebeen used to extrapolate position in the field from georeferenced
transect poles. Tretudy focused on seedlinggeneration in the subalpine, therefore seedlings
positioned below the established canopy were removed from the analysis. Each seedling
contained information for the year they have been identified and height recordings for every
consecutive treeline cersulhe seedling point data was combined with the classified ground
cover dataset via a spatial join in ArcGIS Pro. The ground cover polygon contained calculated
mean values for slope, received radiation, remotely sensed theforahation within the
polygon which were added to the seedling dataset. To illustrate three decades of seedling
regeneration patterns into the subalpine new seedlings identified in every census year were
extracted and symbolized using a heatmap displayiwé@l25 m radiugunweighed kernel
density analysis)Seedling growth between 2007 and 2019 has been calculated by subtracting
height information between both measurement periods.

3.2.4 Thermalmicrohabitat variability

To evaluate the temperature profile expeced by different micrabitats in the subalpine
belt, in summer (Jan/Feb) 2019 | deployed a total of 18 temperature ld@gget®n,
DS1921GF5#, 2kB, N 0,5 AC, 140 to +85 d&doBg Maxi
War dl eds Cr ai gseet.brherlaggetsaereesalédiinnpastid bags and tied onto
ropes close to the main stem of the seedlsigdtered from direct sun exposure, close to the
center of the vegetation patcbracophyllum PodocarpusChionochloa Leucopogoh The
remaining lggerswereplaced on estdished beech trees @ cm below scréeoil. For each
logger, the measurement interval was set to 4 hours to enable the loggers to store data for
approximately one year.

| explored the potential for using the high temporal regmiuemperature data cotiied
by the iButton sensors as a basis for modelling, predicting and mapping seedlieg
temperature conditions across the ecotone where seedlings are currently occurring. | extracted
recordings from the 18 loggers at the Cigligirn site for which redible data were available
(Figure32). The fourhourly data were summarised on a monthly basis, across all days for each
month of the recordegear (2019), into monthly mean minimum, mean and mean maximum
temperatures; from this deget, annual statistics could be compiled. | used linear regression

modelling to relate each of the summarised iButton annual min, mean and max temperatures to
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four UAV- and GlSderived variables at the logger locations (slope gradient, UAV morning
thermaldata, UAV noon thermal data, annual solar radiation sum). It was expected that the
UAV/GIS-based spatial datasets, while representing different components of aai@tton

at different temporal resolutions, would be correlated with-geaund loggetemperatures;

previous studies have shown potential forsepling temperature logger data using coarser

scale dat@Fawcett et al., 2019; Garcia et al., 2020; Sch&tedrner,2010) The fAgener al
l i near regressiono t oothe modelind Mhe GUHis prddicton was U
functionality within the tool was then used to apply the regression model across the ecotone at

a 1 x m resolution to enablihe spatial mapping of loggéased temperatures; this provided

a means to relate seedjioccurrence and growth to putative fismale temperature variation

at the seedling scale.

@® Temperature loggers

0 125 25 50 Meters P 37
) I
A -4

Figure32: Microhabitat temperature logger fitoien at the Craigieburn Valley treeline ecotone

for the remotely derived RGB (a, 2 cmjdathermal difference datasets (b, morning vs noon).

(c) Loggers were buried 2 cm belaywound or placed within the centre of subalpine vegetation.
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3.2.5 Analysingseedlingoccurrence relative to microhabitat availability

| used three different approaches tarmitterise microhabitat variability occurring across the
40-m ecotone zone. First, | used the ground cover lalyercl{ffortioides Dracophyllum
PodocarpusChionochloa Leucopogonscree) classified from the multispectral UAV image
analysis (Chapter 2s an initial way to represent microhabitat variation, assuming that these
different vegetation types would reflect variation in possible safe site locatipnscfuiting
seedlings.

Second, | used a multivariate analysis approach to explore if-GAYGIS-derived
thermal and solar radiation variables (see Fig. 38) cluster statistically into distinct thermal
microhabitat types and whether these types alse shear spatial patterns across the ecotone.
For this analysis, | eapphbbobedobhe wiitmbli ni ¥ drei
software into a total of six feature clusters. The datasets (incident solar radiation (year,
summer/winter day themal information (morning, noon, difference), slope) were
standardised using amnsformation teeduce impact of outliers and optimized seed locations.

R2 values reflect total variation retained from the source ranking the features which was able to
disaiminate best in the datasédain, 208) The data input to this tool comprised point 14,742
values representing grid cell cenpeints for a 1xim resolution vector grid laid over the
ecotone zone (see Fig. 38). After clustering, the cluster classes could then be mapped back onto
thosepoints to enable a visualisation of the spatial pattern of the cluster analysis output.

Third, 1 used the three spatial layers predicting mean thermal environment in the
subalpine and expected minimum and maximum temperature deviations throughout.the year
binned the values for each modelled temperature layer into six zones of equal size (16.7 %)
using quantile symbolisation in ArcGIS Pro, giving a category centred on the mean and several
standard deviation categories on either side of the mean.

| andysed whether seedlings surveyed within the ecotone at the time of the 2019 census
were statistially more or less likely to be associated with specific microhabitats, standardised
by the relative availability of the different microhabitats across theeeof his analysis was
limited to the ecotone defined by the most distant seedling, which ced@arizsone delimited
by a 15m distance from the treeline. To do this, each seedling was spatially intersected with,
and assigned to, a microhabitat categordefned by the three methods outlined above (ie.,
cluster class, thermal quantile, and vegetatigpe). A test for given proportions was carried
out in R ( 6 ptatpRpCore Bean, 2019Fqr eachkmécigpleabitat type identified

| tested if there was significant difference between relative microsiilnigy and actual
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seedling occupancylhe resultingP-values were adjusted for multiple tesfinsing a false
discovery rate metho@enjamini & Hochberg, 1995)

3.2.6 Modelling seedling height growth against environmental variables

| used a érestbased classification and regression analysis within ArcGIS Pro to model the
total height increment of censused seedlings in the ecotone that were lpetéseen the 2007

and 2019 measurement timdsigure 33). The algorithmoperated as a machiarning
procedure and uses categorical and continuous variabldde(8) to validate and rank
explanatory variables in predicting the variability in the growth performance. Relative
importane ranks the explanatoryriables according to their predictive power. It is calculated
using Gini coefficients which identify the number of splits made by individual trees relative to
the forest. The forest based algorithm uses thousands of decisiowtirelesndividually act

r e (Beetmany 2001120617)t he entire oOf or e:

asa a predictors

Table 8: Overview of the twelve explanatory variables (Relative North/East, Slope, Solar
radiation (winter, summer, year), thermal microhabitat (morning, noon, differedbajl,
vegetation type, Cluster ID) used to predict exposed seedling growth between @@ an

at the Craigieburivalley.

Explanatory training

variable (unit)

Subclassse
(Min/Max)

Source

Aspect Relative North/East Reclassified DEM (20 cm)
(-1to 1)
Slope* (°) (7.2150) Reclassified DEM (20 cm)
Solar radiatioh Winter (62 /1863) Software calculated incident radiation based @
(Wh/m?2) Summer(749/5185) georeferenced DEM

Annual(211k / 1321Kk)

Thermal microhabitat*
(°C)

Morning (-4.6/3.07)
Noon(-0.6/17.73)
Difference(-0.8/21.4)

Results for the two thermal flights

NDVI*

Calculated mean for vegetation patch based g

multispectral data (Chapter Two)

Vegetation type

Categorical

Vegetation classification output (Chapter Two

Cluster ID

Categorical

Multivariate cluster analysis output (1 m)

*Calculated mean within vegetation segment classified
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Figure33: Seedling height growth (cm) as observed for 79 seedlings present in both the latest
(2019) and previous (2007) measuretrgmveys along the Craigieburn Valley tsant.

3.3 Results

3.3.1 Exploring spatial patterns of seedling recruitment

Extrapolating treeline transect data into a-tumensional RGB layer of the subalpine treeline
ecotone provided a spatial visualisation of segdiegeneration patterns into thebalpine
(Figure34). Seedling recruitment mapping showed three consistent recruitment hotspots over
the three measurement periods; conversely, thersegtions of the treelinensects that have

shown no recruitment to date. New seedlings were concentrated on vegetated east and western
slopes and the sparsely vegetated shallow plateau at the southern tip of the ecotone.
Recruitment between 2002 and)ZqQ383) was much higherah the other measurement times,
where approximately three times as many new recruits were identified compared to 2002 (108)
or 2019 (130). In the most recent census (2019) the predominant recruitment hotspots shifted

towards theeastern facing slopeBifure34d).
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Figure34: (a) OverallF. cliffortioidesseedling position recorded as part of the treetiensus
in the Craigieburn Valley. (d) A kernel hotspot heatmap generated basededehsities of
recruited seedlings identified in the respective census years. The numbers of seedlings

recruiting in each time period and each hotspot zone are pdovide
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3.3.2 Thermal microhabitat variability

Thermal logger recordings for the Craigieburn Malleéigure35) revealedstrong microhabitat
temperature variability throughoute year. Microhabitat temperatures frequently exceeded 30
°C for bare ground, tussock grass€hipnochloaspp.) andLeucopogon(austral summer,
Novembe to April). Winter periods of limited temperature variability can be used to
approximate snow eventsirgt annual snowfall in June and sustained periods of snow cover
from July to September buffered daily thermal variability for all microhabitats (3.3B#&ch
seedlings experience more frequent frost events throughout the winter due to their elevated
logger placement (~ 10 cm aboveground) close to the base. Cold temperatures dips (< 2 °C)
can be observed throughout the year.
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Figure 35: Diurnal temperature fluctuations for the alpine treeline ecotone at Craigieburn
Valley. Fuscspora cliffortioides (teal)Dracophyllumspp. (yellow), Podocarpusnivalis
(green),Chionochloaspp.(orang@, Leucopogor(red), scree/bare soil (greyData sampled 6
times per day using thermal microhabitat loggers (iButton), fmeasurement period of 11
months (2019).

Daily temperature variability for microhabitat typé&sgure36) showed significant differeces
between all miashabitats ifwultiple site comparison see Appendix

Table24 & Figure56). Microhabitat temperature range decreased throughout the winter period
(< 10 C, July to midSeptember). Temperature variability increased towards the summer
months and frequently exceeded 15 °C. Highest variability was identifted scree and low

density prostrate mateucopogorwhich frequently experienced temperature rangpesa 25
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°C throughout the summer. The presence of vegetated ground cover confined temperature

variability for every scenario tested.
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Figure36: Diurnal temperature variation (range) from lowest to highest recording. From top
to bottom row, microhabitats sorted by heightiscospora cliffortioidesDracophyllumspp.,
Podocarpusspp.,Chionochloaspp, Leucopogonscree. [ata sampled six times per day, for

a measurement period of 11 months (2019).

Predicted thermal zone§&igure 37 b-d; min, mean, max) derived from the thermal

microhabitit loggers show extreme temperature deviations in similar patterns as the UAV
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derived thermal imageryF(gure37a). Particularly in noivegetated aas and the shallowro
eastfacing slopes warmer temperature deviations can be identified. This consistent with the
seedling recruitment heatmaps which showed seedling regeneration patterns infémneast

and shallow sloped={gure34). Cold temperature deviations are primarily observed at steeper,
east facing aspects, where the abrupt canopy is casting perpetual shade during winter.
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Figure 37. Thermal difference profile between morning and noon durvimgter for the
Craigieburn Valley (a). Temperature anomalies in predicted clusters, for mean (b), minimum

(c) and maximum (d) temperatures within a 15 m treeline ecotone.
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3.3.3 Analysing seedling occurrence relative to microhabitat availability

For the three taperature polygonsHgure 38 min, mean, max) predicted with the
microhabitat logge information clear trends can be identified. Seedlings in the minimum
temperature zones show a significant preference for the warmest quangie A8t8 % of all
seedlings recruited in a zone showing above 2.82 °C annual minimum temperature. This trend
is continued with annual mean temperatures zones, where 32.8 % of the seedlings showed
spatial association with the warmest class and significémthgr individuals were identified

for the two lowest mean temperature zones (10.5 % and 7.6 %). For abwakitaum
temperatures the trend is consistent but less pronounced at the higher temperature end. For the
warmest class | identified 26.2 % of seadbk and for the lowest maximum temperature classes
12.3 % and 9.7 %.
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Figure 38. Relative thermal microhabitat availability (light grey bars) vs seedling occupancy
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(light green bars) for the minimum (a), mean (b) and maximunth@)nal zones predicted
within 15 m of the established treeline canopy. Significant difference (*) in expecte

proportions are displayed, detailed results for the analysis can be found in Apfiendix
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The multivariate cluster analysisgble20, AppendixA) idenified six clustergFigure
55, AppendixA) using UAV- and GISderived variables compiled at an¥ grid resolution
across the 4@n ecotone zone at the Craigieburn Villgte Figure 39). Boxplot graphs
showing the relative contribution of each oé timput variables in characterising each of the
clusters Figure 40) indicate that there wertypically one or two variables that contributed
primarily to defining cluster types and enabling a general characterisation of the meaning of
each clusterTable 9). Cluster parameterisation was repatial sozores identified in the
visualization Figure39) can be attributed to identified ranges dominant in the area. A mapping
of the cluster classes spatialigross the ecotone zone suggested that the multivariate input
data were useful in defining distinct spatial zones that characterised differences across the site
related to patterns of variation in thermal, radiataomd slope characteristics (Fig. 42).

Table 9: Description of identified clusts using seven environmentariables (slope, solar
radiation (winter, summer, yeafgmperature (morning, noon, difference)) for n = cluster

points derived for the Craigieburn Valley

Cluster ID Key pattern metrics (relevance) Interpretation

1,n=260 High: Slope Temperature difference Steep, vegetated slopes

2,n=1,157 High: Slope Winter radiation Shallower sites, sparsely
Low: Temperature morning vegetated
3,n=3,729| High: Slope, Emperaturalifference West facing scree slopes
4,n=2,418 High: Winter radiation Slope Vegetated east facing slopes
5,n=2,878 High: Slope Shallow southwest facing scre¢
Low: Winter radiation slopes

6, n=1,870| High: Radiation,Temperature morning Vegetated slopes in directidng

Low: Temperature difference shading from canopy or shrub
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Figure39: Results of the multivariate cluster analysis within ArcGIS Pro for the Craigieburn

Valley. Six clusters were identified that represent distinct combinations of slope gradient

(degree} solar radiation (Wh/m2) and remotely sensed thermal information (°C).
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Figure4Q: lllustration of the seven environmental variabdend their impact ¢(ransformation,
0 = no impact) on discriminating the six spatial clustlemtified at the Craigieburn Valley.
Information about slope, received solar radiation and remotely sensed thermal information have

been processed in the mulate analysis.
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A comparison of the vegetation microhabitats and cluster claSgps€41) in which
seedlings are occurring against the relativelagity of these microhabitats across therh5
ecotone showed clear preferences for seedfiggohabitat associations. The test for given
proportions (Take 21 & 22 AppendixA) revealed enhanced recruitment in prostrate mats
(Leucopogol wherethey are 1.8 times more likely to occur; 33.4 % of all seedlings recruited
within these low stature shrub mats, making up 17.7 % of the available microsites2%®nly
of established seedlings were associated with alpine tussock gfaisse®thloaspp) despite
tussock zones occupying 16.7 % of the 15 m subalpine belt. Bare ground cover (scree) made
up 34.3 % of the available area, but only 23.5 % of seedlings iecttiese zoneSeedlings
were significantly overepresented in the second cluster whé.& 36 of all seedlings can be
found, representing only 10.1 % of the available area. This effect is compensated within the
first and fourth cluster, where 16.7 %dek6.3% of the total available area only host 6.8 % and

8.4 % of all seedling respectively.
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Figure 41 Relative microhabitat availability (light grey bars) vs seedling occupancy (light
green bars) by vegetation type (top) addntified clusters (bottom) within 15 m of the
established treeline canopgignificant difference (*) in expected proportions are displayed,

detailed results for the analysis can be found in Appefdix
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3.3.4 Modelling seedling height growth against envir@mtal variables

Results for the forediased classification and regressioralgsis Table 10) showed high
confidence (R? = 0.893 < 0.000, Std Dev = 0.02510 % of training data exclude for
validation, 4 variablgselected ranaimly) for the training data used to perform the regression.
Explanatory variables are ranked to estimate their influence to drive the results, R? indicates
prediction accuracy. The ground cover classification showed highest importance iEl#&6)

most irfluential explanatory variable to predict tree growth. Incident solar radiation in winter,

an east facing aspect and early morning temperatures (10 % each) were ranked the next highest,
and equal, in relevance. Lowest rank variables arthdrenal differece between morning and

noon, the cluster ID and the temperature recordings at noon (6 % each).

Tablel0: Variable importance in explaining subalpine seedling growth between 2007 and 2019
for the Craigieburn Valleyenerated by théorestbased classification and regression.

Explanatory variable Importance (%)
Vegetation type 16
Solar radiation winter day 10
Eastness 10
Thermal morning 10
NDVI 8
Slope 8
Northness 8
Solar radiation summer 7
Solar radiation yea 7
Thermal difference 6
Cluster ID 6
Thermal noon 6
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3.4 Discussion

The finescale datasefrom an alpine treeline ecotone enabled me to delindaége
environmental microhabitathatwerebeneficial for seedling regeneratiabove treelingbut

also hghlighted potentiaspeciesspecific recruitmenlimitationswithin subalpine vegetation.

As anticipatedF. cliffortioides recruitment was enhanced in microhabitats which reduced
exposure to macroscaimposed limitations common at treelife.g. annualrost events).
Howeverresults indicatesuccessive tree colonialization of the subalpine is hampered by the
adverse effects of competition and the paucity of microhabitat safe sites which limit treeline

response to broad scale climate warming

F. cliffortioidesrecruitment heatmaps for the Craigieburn Vaibpwed spatial pattern
in three decades of treeline regenerationthe subalpine. The dataset indicated steady
recruitment hotspots within the subalpine, suggesting favourable micrtclimabitatsto be
spatially explicit and prominent at the eémting slopes and shallow southern plateau.
Enhanced recruitment between the 2002 and 2007 census can potentially be linked to a
preceded masting year (2004 & @)C, 2014) However, frequency and richnessdisting
yeas bear no implications for treeline advancdlothofagaceaéHarsch et al., 2012 urthey
correlation of masting years and census data is limited, since | was not ablenvasvely
date seedlings due to their small stature and restricted growth. The cause of an observed
recruitment shift from the shallow southern plateaui(@007) towards the east facing slopes
(2019) remained elusiv@rivers can potentially be attributed to seasonal climatic variability
which resulted in a temporarily weakened microclimate gradi¢ohinwald et al., 2020)his
effect can be induced by windH¢ltmeie & Broll, 2010) or growing season extent and
snowpack duratiorfBader et al., 2018; Davis & Gedalof, 2018yt will require extended

research at other transects.

Microhabitat temperature regimes are subject to strong thermal variability throughout
the year. Existing alpine vegetation reduces the thermaerdocally ad this effect is
pronounced in dense tussocks gras§dsohochloaspp.) orPodocarpuswhile temperature
fluctuated unrestrictedly on neregetated screéBall et al., 1991) While all vegetation
microhabitats suppressed extrelneat deviations during summer, none effectively reduced the
frequency of low temperature dips thghout the year (< 2 °C). Seedling recruitment was
significantly reduced in coldest minimum temperature zones, while simultaneously favouring

recruitment inwarmer ends of the spatial projections. Increased recruitment in warmer
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microhabitats was less pramwed but still significant in the mean and maximum predicted
temperature zones, suggesting fosntrolled recruitment limitations prominent in
Nothofagaeae(ReyesDiaz et al., 2005; Ward] 2008)and a high tolerance to heabdulated
limitations (e.g. moisture deficiencifoltmeier & Broll, 2017; Sigdel et al., 2018)

F. cliffortioidesrecruitment related significantly to the spatial patterns in microhabitats
represented by the vegetation and clusters. Contrary to expectations, seedling regeneration was
greatly reduced in alpine vegetation which most efficiently reduemperature variability in
the subalpine Ghionochloa spp, 1/6 of subalpine area, 2 % of seedlifigund), but
significantly enhanced in lowtature herbaceous shruldsecopogon 1/6 area, 33.4 %
seedlings) and shallow, sparselygetated microhabitafd/10 area, 30.3 % seedlings). This
suggested directional facilitative feedbacks Forcliffortioides to be speciespecific and
limited by competitive interactions withitussock grasses arttie herbaceous subalpine
(Loranger et al., 2017)As anticipated, characterised environmental variables deemed most
influential in this context were also mastportant in controlling seedling performange.
cliffortioidesgrowth was modulated strongestthg grounecover type, followed by morning
temperature (e.g. lowe mper at ure susceptibility). I nter
winter radiation ifluenced seedling colonialization, suggesting a combined effect of low
temperature and liglfe.g. coldinduced photoinhibitionBall et al., 1991; Germino & Smith,

1999; Sakai et al., 1981)ight-induced seedling dieback Hasen observed in previous studies
of F. cliffortioides(Norton & Schénenberger, 1984; Wardle, 1985b, 2008&)has never been

discussed in a temperatur@dulated context.

Seedlingmicrohabitat interaction in the subalpine vegetation are complex and
amhbguous and a clear directional facilitative feedbattkat promotes successive
colonializationis not always establishg@d\lftine & Malanson, 2004; Callaway & Walker,
1997; Holmgren et al., 1997)hey can be modulated by the seediingtogenetic stage and
size(Koérner, 2016; Loranger et al., 2017adnson & Resler, 201@nd the interacting alpine
species( G- mez Aparicio et a | ..Sjnce RothOfdgaceadBhowsed et
evidence for frost andigh-light susceptibility in earlier studigdNorton & Schénenberger,
1984; ReyedDiaz et al., 2005; Wardle, 19852008) it is particular geful to study size
modulated emergence effects where seedlings gradually decouple from the microclimate
established by the subalpine shrub layer (Chaptekotner, 2016) Further, favourable
microhabitats have been associated witluced exposure to frost and sparsely vegetated scree

slopes with lowstature/density prostrate matéeucopogon colensoiHowever, these
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microhabitat safe sites fét. cliffortioidesrepresented only a small proportion of the subalpine
shrubland. | therefe speculate, that treeline advancé .igliffortioidesis currently limited by

the paucity of favourablenicro-climatic conditions in the subalpine which can shelter
seedlings from macroscaimposed frost while simultaneously giving them enough space to

grow. Further studies of belowground biotic interactions are required to elucidate adverse
effects of subalpine vegetatigBader et al., 2018; Hagedorn et al., 2019; Hasselquist et al.,
2005)particularly how the facilitative nature of this feedback can be size mod{\a¢ahson

& Resler, 2016)! therefore suggest isolating key mechanics believed to control current treeline
advance (teqperature & competition) and discuss their interplay to establish a climatic niche
strong enough to induce successive seedling

migration at treeline (Chapter 5).

A combination of higkguality spatial (drone agated sensors, extrapolated thermal
logger data) and temporal information (treeline census data) proved to belatsatsto
address the temporal lag in a response of abrupt treeline phenomena to broad scale climatic
warming.l have usedhese datasets study how macroscaleposed climatic limitations are
ameliorated by local microhabitats addentify how directed facilitative feedbacks for early
recruits in the subalpine are establishigus allows us tdwypothesise the mechanisms leading
to current recruitment bottlenecks and formulate more directed research to elucidate their role
in hampering treeline advance. The significant temporal lag of abrupt treeline position in the
face of global warming can therefore only be predicted if we contmueonitor finescale
changes in subalpine plant communities and further disentangle spee@®c shrub

seedling interactions.
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4 High light-induced photoinhibition is not limiting seedling

establishment at abrupt treeline ecotones in Kealand

4.1 Introduction

There is general consensus thatecreasing mean temperature with increasing elevation can
limit tree growthand play a critical role in determining the upper elevational limits of tree
s peci es(Bornera20l@;evalanson et al., 201 However, there are often additional
environmental conditions and biological factors that can interact with tempegaaidients to
inhibit tree establishment and growth at high elevation tree population boundaries.
Accordingly, treeline formation anspatial patterns have been hypothesised to be driven by
factors acting on three hierarchical, mechanistic lg¥¢dssch & Bader, 2011 h e Vel r s t
mechani smsodé of tree gr owt h a meobhanisnsslcontrojfing and
whether a treeline displays a gradual, abrupt, island, or krummholz spatial structure. These
firstlevel mechanisms are modulated by a number ofsspee ci f i ¢ st-lewlssor s
mechani smsod) , I nc | wowing geasorength (Cieraad, 2011; Kornere d t o
2012) seasonal desiccation effect€airns, 2001; Cuevas, 200@®equency offrost andice-
particle abrasion(Holtmeier, 2009) high solar radiationBader, van Geloof, et al., 2007)
moisture limitationgLoranger et al., 2016)nvasive plant pathogeri$omback et al., 2016)
andreductions irseedproductionand viability (Wardle, 2008) Secondevel mechanisms can
be further modulated by ecological interactions with plant neightou (-lévelh i r d
mechani smsé) to ultimately determine the eme
hierarchical framework provides a useful comtéor developing and testing hypotheses
regarding the treelinBorming processes at differenigiens.

Treelines dominated by firdtvel growth limitation processes tend to result in a diffuse
(or gradual) treeline forn{Harsch & Bader, 2011)Diffuse treelines represent the most
common treelingatternglobally and, because they are limited mainly by temperature, show
the greatest response to climatic chafig@rsch et al., 20Q9In contrast to diffuse treelines,
abrupt treelines are hypothesised to be maintained primarily by seaaddthirdlevel
mechanismshat exert a thresholtype control on the ability of new tree seedlings to establish
and survie beyond the treeline ed@idarsch & Bader, 2011 Consequently, the majority of
abrupt treelines have not showasporses to increased warming that are similar to diffuse
treelines(Harsch et al., 2009 Thus, researchnto potential underlying mechanisms limiting

seedling establishment characteristic of abrugelines is urgently required to predict the
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future conditions under which these treelines are likely to respond and start shifting uphill
(Malanson et al., 2011)

Figure 42: View of an abruptFuscospora cliffortiailes treeline, Craigieburn Valley, New

Zealand. Photo: D6weler.

Abrupt treelines show a rapid doae transition from a continuous forest stand into
low-stature alpine vegetation (e.figure 42), suggesting that this treeline pattern is being
reinforced by positive feedback processes on both sides of the treeline boiWidsoy &
Agnew, 1992) Thus, for a tree seedling to establish and grow beyond the foresttauget i
overcome the effect(s) of critical stressors causiigiply limited seedling recruitment and
performance. For some tree species, there is evidence that recruitment limitations beyond
abrupt treelinéboundariesare associatewith the deleterious ipacts ofincident sunlight
(Bader et al., 200Germino et al., 2002)nsufficient tolerance to excessive levels of sunlight
to already pronounckeradiation levels in high altitude environments can leadrntmver
excitation of leaf tissues and is commonly linkedréstricted photosystem functionality
( Demmi g Adams )&Suseeptibiiityg tp radlafiod 6an be further modified by t
thermal regime experienced by the leavsshigh temperatures, plants may reduce stomatal

conductance resulting in a downregulation of photosynthetic electron transport, which in turn
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may caue photeoxidative damage and photoinhibition under stronglight (high light
induced photoinhibitionTakahashi & Murata, 2008By contrast, dw temperaires slow
down biochemical processes (reduced electron sink activity) and together with high light
intensities this can also result in phaixidative damage and photoinhibitifow-temperature
photoinhibition,Germino & Smith, 1999; Zartest al., 2006,b,9.

Hence, photoinhibition effects can be modulated by the temperature regimevdee lea
are experiencing. The projection of future upward shiftasbrupt treelines, requires a deeper
understanding of the abiotic drivers and pegiod of greatest seedling susceptibility, which
together cause the recruitment bottlenfidknby & Hik, 2007) For treelines believed to be
limited by radiative effects, this includes determining if the cause is a cumulative effect leading
to sustained suppression digtosynthetic performance over the course of multiple ietens
days, or whether a single event where one or more multiple stressors produce lethal conditions
for pioneering recruits.

In New Zealand,treelines formed by the evergreeni s out her n beecho
Fuscospora cliffortioides(Nothofagaceae) provide an ideabntext for examining the
mechanisms driving the formation and maintenance of the abrupt treelineAfdramdful of
previous studies at these treelines provide insight into possible mecharosimstdnce,iace
1950, these beech forest treelinease respondedrery little to ac. 1 °C warming with new
recruitment occurring predominately withkt® m of the forest edg€Harsch et al.2012;
Mullan et al., 2008 Wardle & Coleman, 1992)Available evidence suggesia restricted
upward movement isiot likely relatedto short dispersal distancé€ullen et al., 2004)
variability of seed fall patterns towardse timberline (Allen & Platt, 1990) seed viability
(Wardle, 1985h) or the winter frost hardiness of seedlin@n & Sweet, 1996) Wardle
(1985a) compared germination, growth, and survivat.dafliffortioideswith those of several
exotictreespecies Rinusand Eucalyptu}, both sown and transplanted, in plots up to 300 m
above the beech tréed subjected to differmlevels of shading. fAnsplantedeedlings at 150
m above the treelinshowed better performance and surviaathe highesshace treatment,
with individuals surviving under, but not beyond, the shade s@3Beyears late(Wardle,

2008) Observations of seedlings growing disproportionately more frequently in more highly
shaded microsites above the beech treeline
(1985a) experimental resultswhile these findings suggest a strong negative correlation
between seedling performance and direct exposure tesiyeronditionsthe specific role of
photoinhibition as a mechanism for low seedling recruitment remainsctnifiened by direct

physiologcal measurementsWi t hi n t he scope of tséedling st udy
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terminology to refer to low stature individuals within the subalpine belt, since their age cannot
readily be determined. In fact, some seedlings < 15 cma been part of lorgerm monitoring
campaigns and are older than a decade.

In this study, we hypothesise that photoinhibition, coupled with extreme temperatures
experienced by southern beech tree seedlings in the exposed treeline ecotone, impairs
photosynhetic functioning andthus may result in a survival bottleneck that hinders
establishment. To test this hypothesis, Wwemeasured the photosystem Il performance of
seedlings using nemvasive chlorophyll fluorescence measurements on exposed seedlings i
summer and early wiar, at two spatially independent sites wédimilar climatic regimesWe
expected to see cumulative effects inducing photoinhibition where high radiation loads
translate into a sustained or even lethal photosystem degradation.0/éatatgpated similar
patierns among the two sitei), generated light curves to compare microhabitat differences
between exposed and canegheltered individualand expected no significanticrohabitat
related differences in light curve parametargdiii) characterised thiatra-annual temperature
fluctuation at the microsite levaksociated with seedlings, facilitating the interpretation of the
physiological data in the context of the range of temperatures experienced by seedlings

throughout the cose of a year.

4.2 Materid & Methods

Study sites

This study took placat two treeline ecotone sitasthe CanterburiRegionin the South Island

of New Zealandmost recently described by Harsch and colleagues (20&&8)Craigieburn
Valley (-43.111, 171.73) siteis locatedat 1365metres above sea level and osoaitheast to
southwestspect on the east side of ®® u t h BautheannApsiise site shows frequent

frost events throughout the year (135 frost days) and has an annual rainfaB@® mm. The

Mt. Faust {42.505,172.409) site is located about 100 km north of the Craigieburn site on a
westto-southwest aspect, with fewer frost events than the Craigieburn site (90 annual frost
days),and a annualrainfall of c. 2200 mm. Treelines at bottsites are formed by.
cliffortioides (mountain beech), with trees at the treeline edge about four to seven metres in
height, forming a continuous forest cano@s is typical of abrupt beech treelines in New
Zealand, the majority of sdings in the subgine ecotone occur in clewicinity to the forest
canopy (within 5 m) and few individuals are found in 5 to 30 metres distance to the canopy

edge.
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Figure 43: Craigieburn Valley transedteft) with scree slpes cutting acrosthe subalpine
vegetationbelt. Mount Faust transect (right) with continuous low alpine shrub vegetation.
Photo: Doéweler.

At both sites the adjoining subalpine zone is characterised by similar vegetation

communitiesdominated byChionochloa spp tussockgrass speciefracophylumuniflorum

Hook.f,, D. longifolium(J.R.Forst et G.Forstand/orPodocarpus nivaligHook.)woody shrub
patches prostrate matef Leucopogon colensqHook), and individuals ofHebe spp and
Aciphylla squarrosa(J.R.Forst. etG.Ford) occupyingsome zoes between tussocks and
woody shrubsinterspersed across thrre arid terrain of the Craigieburn Vallasebarescree
slopesLeucopogon colensandHebespp. are the first plant speciestiablish in these areas

The alpire belt at Mt. Faust is cgonised of a continuous lostature vegetation mosaic
dominated by tussock and woody shrubs with very little scree or other conspicuous erosion

landforms(Figure43).

Data collection

We chaacterised the diurnal vability in chlorophyll fluorescence signals of seedling foliage
at the two sites and simultaneously recorded theldeai temperature anldyht environment
during one typical day during summer and again during early winteorddcence
measurements weicarried out on seedlings at each site located in thexqosed alpine belt.
Since treeline ecotone seedlings had been previously mahibwer a 36year timeframe at
these sites (see Harsch et @D12), we were able to seteseedlings thashowed Fghest
radiation exposurén the ecotongensuring that seedlings included in our sampling were

comparable In the australsummer (February@9), chlorophyHla-fluorescence recordings
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were taken on five leaves from eawhl6 seallings at each sitever afull diurnal course at-2
hourly intervals using a MiAPAM fluorometer (Walz, Effeltrich, Germany). At the
Craigieburn Valleyearly austrawinter (late May 2019)fluorescenceecordingswere also
carried outusing the same indiduals to test effects ofow temperatures combined with
radiation

One of the five sampled leaves of every plant was shaded 30 minutes before the
measurement usirgdark leaf clip with sliding shutter (D=8, Walz, Effeltrich, Germany) to
calculate th@ptimal quantum yield (F-m) allowing us to evaluate the effective quantum yield
(F PSII) recovery throughout the de§imultaneously, temperature and photosynth@tiaton
flux density (PPFD) were measuréat eachleaf using the thermocouple temperatprebe
and the miniaturadht sensor built into the leaf clip holder of the fluorometer device (leaf clip
2030B, Walz, Effeltrich, Germany). The daily courses mdn-photochemical quenching
(NPQ) andF PSIlI were analysed using generalized additive mixedeats (GAMM, package
mgcy Wood, 2011)with gaussian or beta (log link) error distribution, respectively. The beta
error distribution was chosen for tR€Sll data because it is bound by 0 and 1. For the summer
data smoothing functions with 8 knots provided appiate fits as judged bthe Akaike
Information Criterion (AIC) and for the winter period, smoothers with 3 knots were sufficient.
Model diagnosticplots showed variance heterogeneity, which was modelled wasiirged
variance structurey i t h 0 t lamce dovadastPinharoet al., 2019)

To test heinfluence of the strongly varying light regime among the two microhabitats
(exposed versus crowshaded microsites)n seedling physiology weecordedrapid light
curveson a separate set seedlinggten individuals and fivéeaves per treatmengrowing
under the canopy and in the op@imis supplementary experiment aimed to characterize the
maximum photosynthetic ratef seedlings based on their position within and beyond the
established canopy to account for potential nhiatbtatinduced performare differences.
Light response curves werecorded with the samini-PAM fluorometer device as described
above Theillum nati on provided by the fluorometeros
sevenincrements from 100 pmah? st up to 2300 pmol n s? using 30 s intervals. The
electron transport rate (ETR) was derived from the equdanty et al., 1989; Kll &
Edwards, 1992; Maxwell & Johnson, 2000)
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ETR =FPSII® PPFD?® 0.5% 0.84 (1)

Generalisechontlinear least squaresadels (R packagalme Pinheiro et al., 2019)
were used to analysed ETR as a function of PP&Bed on the following exponential

regression equation (modified aftesbo et al., 2013)

oYY O'YYy p G 7 (2)

where,ETRnax is the maximal electrontransport rate of PSIIPPFDis the fhotosynthetic
photon flux densityanda is thequantum yield (iniial slope) A nonlinear modelassuming
commonparameter estimatdsr the two microhabitats;epresentedhe null hypothesis of
similar ETRnax and a vaues for both microhabitats. The alternative hypothesis was
implemented by aonlinear model allowingeparate parameter estimates for eagtrohabitat
assuming a statistically significanticrohabitatrelated difference in ETRx and a. A
likelihood rato testwas usedo compare the two models. Graphical model validation tools
were used to check the wrthing assumptions of variance homogeneity (plots of the
normalized residuals against the fitted values and versus the predictor values) and normality
(quantilequantile plots). We did not detect gross deviations from normalityhie diagnostic

plots irdicated variance heterogeneity, which was dealt with in both models using a variance
function with fixed variances using the photosynthetic photon fansiy (PPFD) as variance

covariate (R functionarFixed) in packagenlme.

To assess the temperawariation throughout the year, we deployed two temperature
logges at each sit¢iButton, DS1921GF5#, 2kB,+06 A C, 1 40 t olnteg@idd, A C,
San Jose, CA, USAsealedhemin plastic bags and tied onto ropes clostheomain stem of
the seedhgs andarother seven loggers were placadboth site2 cm belowthe scree to
prevent direct sunlight exposureigure44). Logging started ahe end of Januamgt 4-houty

intervals
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Figure44: RGB image (DJI Phantom 4, 2 cm resolution) of the study siteEaist (left) and

Craigieburn Valley (right) in the Southern Alps of New Zealand. Symbols indicate seedling

locations (yellow triangles) and temperatioggers (purple: scree; &gn: beech).

4.3 Results

At both sitesPPFDreached up to 2000 pmolfs? around noon in summeF{gure45). At
the soutkeasterlyfacing slope at the Craigieburn Vallé3PFDincreasd and declinel earlier
compare to themorewestfacing Mt. Faust site, where sunlight hours extend into the eyenin
(Figure45). During winter, the time window for measurements at the Craigieburn Valley was
restrictedby shorter daylight houtsut proved sufficientlyong to capture the largest variation
in the diurnal pattern. The maximum PPFD values reached approximately 1000 fsrahm
winter (Figure45). In summer,leaf temperaturereached 35 °Gt Mt. Faustand 30 °Cat
Craigieburn Valley. In winter, the initial measurements (8 am) coincided with temperatures as
low as 2 to 4 °C before the first sunlight hit the seedlings.

Sunrexposed seedlings at thtt. Faust sitelsowed the typical tshapedliurnal course
of the effective quantum yield of PSIFPSII) on a cleasky day Figure45). The FPSII
showed apid recovery; 1 hour after sunge®Sll values (0.794 + 0.025, mea®E) had nearly

returned to prelawn values (0.805 + 0.024). A very similar pattern was seen at the Craigieburn
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Valley site where the recovery &fPSIl to predawn values also occurred within two hours
after sunset (10 pm, 0.78®.031). The quick recovery potigal of F. cliffortioideswas further
supported by the danlecovery experiment. Irrespective of site and season, quantum yield of
PSII returnedo predawn values during 30 minutes dadcovery at all times of the day, even

at noon when PPFD reached b&alues of 2000 umol ras? (Figure45, bottom row).Based

on the light curve analysis, ERBanda in sunexposed seedlings were 12% and 43% higher
compared to the individuals growing beneath canapy 7.24,df = 2,P = 0.027 Figure46).

Summer Winter

Craigieburn Craigieburn
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Figure45: From top to bottom row: Diurnal changes in light intensity (PPFD = photosynthetic
photon flux density), leaf temperature. ;T nonphotochemical quenching (NP(@ffective
guantum yield ophotosystem Il in the ligkddapted statd=(PSIl) and optimal quantum yield

in the darkadapted state () (see vertical indicator strips on the right) Fafiscospora
cliffortioides seedlings on a summer day at Mt. Faust (fEhels, dnuary 2019) and
Craigieburn Valley (middle panels, February"2D19), and a winter day at Craigieburn Valley
(right panels, May 202019).We displayed the maximum and the median-leaél PPFD but

omitted the strongly varying minimum valuédue to ntermittent shaidg). Due to shorter
daylight hours and associated health and safety reasons there are fewer time points in winter

compared to summer.
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Figure 46. Rapid light curvescreated from data collected feanopy-shaded ad exposed
seedings in the Craigieburalley. PPFD(photosynthetic photon flux densitigvels were
manuallyincreasedn sevenincrements from 100 pmol ¥s? up to 2300 pmol n st using

30 scondillumination intervals.

Throughout the dire year, scree and seadh temperature varied strongly with
maximum daily amplitudes in summer of 37.5 °C in the scree and 17.5 °C for the beech
seedlingsat the Craigieburn site, and of 586 and 32C for the Mt. Faust site, for scree and
beech seedlg microenvironments, rpectively Eigure 47). Early morning temperature
experienced by seedlings ate spring and summer (late November to February) dropped
multiple times below 2 °C (Craigieburn: 16, Faust) 48d sometimes even beldveezing
(Craigieburn: 3, Faust: 2) down t8 °C. The temperature around seedlingsthis period
ranged betweep6.5 °C and-2 °C and in the scree betwe@d.5°C and-0.5°C. The variability
in daily scree and seedling tempera decreased markedlyllifawing the onset of winter and
became minimal after snowfall starting otiJuneshortly after the chlorophyll fluarscence

measurements (¥May) had been conducted.
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Figure47: Intra-annual vamtion of temperature bouty daily minimum and maximum values
(lower and upper polygon boundaries) at the treeline (1350 m a.s.l.) at theel@raigvalley
(top) Mount Faust (bottomjrom mid-January to late December 201Burple = scree

microhabitats (7oggers); green = beeckedlings (2 loggers).
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4.4 Discussion

The framework presented by Harsch and Bader (2011) lays a foundatcomtaptualising
how localscale physiological stressors may result in a recruitment bottleneck just beyond the
edge of te closeecanopy treelinethus enabling a positive feedback loop that maintains an
abrupt treeline ecotone boundary form. Within thsrcc ep t , tl reev ®résdoesc o n d
responsible for the sharp transition characteristic of abrupt treelines remain elbisitheir
identity isessenti al for predicting how <climatic
feedback mechanism and théute migration of these tree populations upfiarsch & Bader,
2011) Given evdence that photoinhibitiomay be a strong contributor to seedling mortality
for some species at a variety of abrupt treeline ecotglobsally (Bader et al., 2007; Close et
al., 2002; Germino et al., 2002; Zarter, 2808e investigated the degree tdigh the negative
impacts of photoinhibition on its own, or in combination with extreme temperatures tisdimi
the establi shment of southern beech seedling
Results from chlorophyll fluoresnee measurements indicditat severe physiological
impairment is not occurring to the extent that seedling survival is threatenagde®obeech
seedlings showed eemarkable potentiao recover from exposure to high PPFeearly
refuting early suggesonsin the literature thiaphotoinhibitionalone might hinder seedling
establishmen{Wardle 1985#&; Wardle, 2008 Norton & Schonenberger, 1984)ur results
suggesthat the photosythetic apparatusf beech seedlings is well adapted to the Hight
alpine environment. The virtual lack photoinhibition at very high light levels experienced
over short periods (light curves) or longer time frames (gkgrdays) implies that
phototemical and noiphotochemical processes operate at levels sufficient to prevent severe
photooxidative damagén these beech seedlingsven when high solar radiation coincided
with extreme temperatuseF PSII showed rapid recovweto predrawn values witim half an
hour of shading or, under natark-adapted conditions, at the latest by the end of the day on
clea-sky days. Neither the high levels of solar radiation in sumet000 pmol n? s?)
together with higlsummenreaf tenmperaturege.g.> 33 °Cat Mt. Faust) nor the combination
of low temperatures (< 3 °C) and high winter light intensity at dawBQ@® pmol n? s?)
experienced by the seedlings caused sustained stress levelsvahlak overtax the
photoprotective and regeration capabilities of th seedlings. The light curves have been
designed to scale beyond the light levels experienced in su@3@® umol n? st) and
exposed beech seedlings showed 12 % higherk&dddd a 1.740ld largera value compared

to canopysteltered individualsHowe\er, neithebeneath the forest canopy nor in the exposed
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subalpinebelt did beech seedlings show a catent decline in ETR with increasing PPFD,
which would indicate photoinhibition.
For the early winter measurement carriedauCraigieburn, there wasslight down
regulation ofF PSII; this may reflect anechanisic effect of sustained photoprotectionuiod
for evergreen species in wintevhere adjustments in the xanthophyll cycle and reduction in
light-harvesting performanceesulted in sustained NP®or instance, work byarter and
colleagues (2006a,b,0n photosynthetically winteactive evergreende and shrub species
Co | o r highelévation environmentsrevealed eaxanthin retentiorand decreasg in
oxygen evolutio capacity and lighharvesting pigmentsvhich correlatel with a depression in
F PSII efficiency until the early spring. Sustaingolwnregulation of PSII performance is a
particularly evident photoprotection mechanism in extreme environrfedte mmi g A d a ms
Adams, 2006and the environmental factors triggeringri¢ believed to be coupled to amd
soil temperatureas well asmoisture availability(Strand et al., 2002; Zarter et al., 2006c)
However, regardless of this dowegulation of light harvesting efficiepcF. cliffortioide
rapid recovery of PSIl was also observed during winter indicatag the underlying
biochemical processésve the potential to fully regenerate to-geavn conditions, suggesting
no evidence for sustained photosynthetic stressdkags of seasonal mean temperatures.
Temperature sensor data suggest that late ausgiradg and summertime belew
freezing temperatures are not infrequent at these treeline sites, occurtigrh2s from early
November to late FebruarWwhile the temprature experienced by the seedlingsnelimited
to a maximum 0£6.5°C during the httestsummerperiods, the air temperature around the
established seedlings in the subalpine belt can drop as low as the temperature of the surrounding
screg(-2 °C). Of particularnotearethe occurrenceof subzero temperatures in summethen
the seedhgs are not wintehardenedPrevious work has also suggested that actively growing
seedlings of. cliffortioidescan incur severe frost injury at temperature2db -3 C (Sun &
Sweet, 1996). WinteF PSII values recorded alawn in the Craigieburn Maly indicate
potential performance limitwhenhigh PPFDand cold temperatures coincide. Throughout the
entire experiment, the strongest Kmafel decline irF PSII wasseen when the first sunlight hit
the leaves during winter. Under these circumstanaaagively high earlymorning light
intensities coincidg with minimal seedling temperatures aRdSIl valueswere as low as
0.04. These observed reductiongFiRSII suggest that photoinhibition may occur under low
temperature regimes. This-salled coldinduced photoinhibitiohas been identified in a range

of studies]eading tdeaf-lossin the broadeavedAristotelia serratan New ZealandDungan
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et al.,, 2003) severe degradation of PSII performance resulting in limited regenerdtion
Eucalyptis paucifloraseedlings athetreeline(Ball et al., 1991)andhas playeakeyrolein
shapingeualyptus globuluslistribution boundarie Australia(Close et al., 2000Evidence
for enhancedrbst susceptibility can be traced back to reldethofagaceaén Chile, where
Nothofagus dombewindNothofagus nitidshow good photochemical efficiency (in terms of
F PSII) in high alpine environments, but lack frost toleraimcgpring and summéReyesDiaz

et al., 2005)

We therefore suggest that isolated weather events during the-spnmger period
such as radiativerdst conditions duringlear nights combined with high light intensities
shortly after dawn may become lethal éxposedndividual leares. The susceptibility to celd
induced dieback is influenced by the respective size/age, the number of leaves, éheotiegr
nearby protection (g., from adjacent vegetation) and the number of occurrences of such
conditions relative to recovery time. Certainly, this supports the resultsaof W keedhing
transplantation and shadiegperimen{Wardle, 1985ayvherethe roofs of the seedling shelter
boxesact @& a barrier preventing radiation from escaping diyento outer space. Instead the
radiation emitted from the leaves at night is partially reflected back onto the leaves and some
of the heat that is absorbed by tbefis partially radiated back to tHeliage. Under these
conditions, leaf temperature might will be higher compared to unsheltered individuals and
radiation frost idess likelyto occur.

Overall, our results indicate that cliffortioidesis able to physiologically cope with
the subalme highlight environment but occasional occurremnoé subzero temperatures and
high light intensities during the growing season might result in severeinthided
photoinhibition hindering regeneration amehcroaciment upslope. @l temperature data
collected by Cieraad & Mcglone(2014) suggest that New Zealand beech treelines are
occurring, on average, 100 or more metres below the potential limit indicated by global treeline
data (Korner and Paulser)@) and other countrgcale analyses (Case and Begk 2015).

The lowerthananticipated New Zealand treeline is also highlighted by the occurrence of
exotic conifer trees (e.gRinus contortg growing 100 m or more above the current beech
treeline (Wadle, 2008).

A pressing research challengeto identify the meteorological conditions allowing
enhanced seedling establishment and treeline advance. Abrupt treelines are of particular
interest, since their drivers are not readily identified adelayed response to global warming

effects can beompensated by rapid uphill encroachment once the bottleneck limitations are
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gone(Harsch & Bader, 2011)Further experimental approaches are required to diseatangl
how climatic extremes interact with several kegssors that contribute to seedling mortality.
For examplewinter temperatures at our sites indicate tetsurroundingscree was frozen
rendering soil moisture unavailable for root uptake. This nsgiggest thatat least for the
winter period soil moisture availability may be damiting F. cliffortioidesseedling survival.
Likewise, beyondreeline seedling survival has been shown to be facilitated by sheltered
microhabitats near existing subalpine pla(@atllori et al., 2009) This suggests that
microhabitat variability can play a vital facilitativele by modulatinghe impact of stressful
events associated widxtremetenperatures, low soil moisture availability, periods of intense
solar radiation or combinations of the@¢€drner, 2014; Kdrner et al.,, 2016; KOmé&
Hiltbrunner, 2017) Automatedmicroclimate weather statisnwith soil moisture sensors
combined witha long-term monitoring fluorometer or a leaf spectrometer to assess the
photochemical reflectance indegould be usedo evaluate the impacts ahicroclimatic
extreme events on seedling physiol@gyoss a range of local enmiirmental conditions

In conclusion, we found no evidence that high ligiguced photoinhibition impairs.
cliffortioidesvitality and thus hampers subalpine forest advanceopnll in the New Zealand
Alps. In many respectd$-. cliffortioides shows remakable adaptatiorto the high-light
conditions in subalpinenvironments despitdl e w  Z e alimitech gebesic repertoire of
treeline forming generaHowever, we have observéitht sudden increases in lightensity
combined witHow leaf temperature& 2 °C) coincide with a drastjdut not sustained PSI|
decline. Thermal logger readings identified radiative frost experienced by the seedlings
throughout the entire year, sugtyeg that particularly in summer, when seedlings are not cold
hardened, the eobination of frosty conditions and high light intensity at dawn is likely to
result in photochemical overexcitation and radio&diated oxidative damage. This could
have detrimptal effects on overall plant health and even pose a significant dieback risk
(Germino & Smith, 1999)Therefore, w believeha intermittentcold-induced photoinhibition

eventsactas the bottleneck hamperikg cliffortioidestreeline advance in New Zealand.
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5 Exploring the interplay of macr@nd micrescale drivers

controlling treeline formation: An agebtised model

5.1 Introduction

Following global warming trends, current ecosystem distribution ranges are expected to expand
towards their cooler boundaries (Le Roux & McGeoch, 2008). The pace and extent of these
ecosystem regime shifts are primarily dictated by broad scaleclmoitiations which define

a speciesdb current spatial extent. With ongc
to unprecedented rates of chariBeooker, 2006; Parmesan & Yohe, 20@8)d the ability to

adapt is controlled by the climatic range and spatial connectivity of these syEiésm et

al., 2005) In partcular, speciesvhich modify their ecosystem to make it more suitable for
their own community (Wilson & Agnew, 2006) reveal a restricted ability to migtaeeto

their co-dependencand selinduced microclimateflustenhouwer et al., 2012Jhis effect

may lead to a delayeecosystenresponse tglobal climae trends(Harsch & Bader, 2011)
involving greater risks to further perturbations and greater danger to become fragmented or
absorbed by other ecosyste(@iver et al., 2015)

Alpine forest ecosystems are a prominent example of these ecotone boundaries, where
a highbiomass forest ecosystetransitionsinto low-stature vegetatiofHoltmeier, 2009)
Absolute treeline altitude is predominately linked to macroscale climatic effects dictating
current elevational limits for the life form tré@€trner & Paulsen, 2004With ongoing global
warming trends we expect extended growing seasons to induce forest encroachment beyond
current elevation inits (Kdrner & Paulsen, 2004at the expese of subalpine and alpine
speciegRehfeldt et al., 2006)While abiotic forestimitationsare gradually approached with
altitude, the relevance of facilitative biotic interactions for the tree species increases (Stress
gradient hypothesis (SGH)Bertness & Cdaway, 1994; Callaway, 20Q7)Yhis effect is
pronounced in abrupt treeline phenomena, where tree species require positive feedbacks to
establish, facilitating their own microclimate within current ecosystem boundbféanson
et al., 2011) As a result, their response to tdpwn macroscale abiotic effects is limited,

resulting in a temporal lag in their migration respofiréarsch & Bader, 2011)

Abrupt treeline regeneration is recruitmemather than growtlimited (Elliott, 2011)
and early recruitsequiremicroclimatic shelter (bottormp) to dampen the impact from top

down operating abiotic stressdidarsch, 201Q)Beneficial microhabitats can beeated by
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existing treegBatllori et al., 2009; Harsch, 2013lpine vegetationt G- mez Apari ci o
2005; Loranger et al., 201 79r other topographic features miriieg this effect(Butler etdl.,

1994; Germino et al., 2002; Resler, 2Q0BREecruitment success is therefore linked to the
availability of cl i mat i c(Scbheog &oKorhen ”201t)if e s 6 I
favourable conditions in the subalpine are absent, existingldem limitations control

seedlng performance, resulting in a sharpened ecotone transition and limiting the response to
global warmingHarsch & Bader, 2011; Malanson et al., 20FEHcilitative interactions among

alpine biota are complex and poorly studied, but once beneficial vegetation associations are
identified, nurse plants nabe used to enable forest regeneration to occur beyond current
boundariegPyatt et al., 2016; Rose et al., 2020)hile some treeline genera require specific
seedling-shrub associations to reach maximum altitughdshalkatsi et al., 2006pthers are
recruitment limited by alpine vegetation resulting from strong competitionutsrents and
spacqGrau et al., 2012; Sullivan & Sveinbjornsson, 2010)

The influence of bottorup controled seedling performance is further modulated by
the individual 6s si ze, as they begin to emer
to broadscale (topdown) climatic variability(Korner, 2016) In this context a size gradient
hypothesis forreeline species has been formulated, where aeesequired tincrease size
relative to a neighbouring focal plant to reduce stress expdsuge mechanical shelter,
Malanson & Resler, 20)6Biotic seedling facilitation processes via the amelioration of abiotic
stress are thefore highly context dependent and are a product of bottleneck limitations
modulated on the macro and miescale(Butterfield & Callaway, 2013) The complexity of
these microhabitat feedbacks requires alpine researchers to focus studies towards the individual
(Korner & Hiltbrunner, 201 7andinfer microclimatic conditions from mesoclimatic d¢@ory
& Smith, 2017) Only with a thorough understanding of individual tree performance at the
ecotone level, mediadeby both topdown (climatic variability) and bottorap effects (biotic
interactions, climatic shelter), will we begin to decipher relevant recruitment bottlesredks

tipping points for plant interactions.

Existing modelling approaches have been usedetterate treeline forms along a
smooth stressor gradient describing growth, mortality and facilitative interactions as dynamic
processefWiegand et al., 200&nd use historical photographs to préthe pace of ecotone
migration(Wallentin et al., 2008)While the relevance of botteop dfects and the response
down to the individual has been repeatedly emphagidiedanson & Resler, 2016; Smith

McKenna et al., 2014)current @proaches do not assess sizediated performance under
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variable stress gradients. Within the scope of this study, | propose a model to explore the
interplay of bradscale abiotic gradients and sim®dulated microclimatic limitations and
opportunities ad their implications on treeline position. | draw from the theoretical framework

of Harsch & Bader (2011) to distinguish betweendomvn, macroclimatic drivers arfoher-

scale, bottorup drivers which modulate the role of abiotic stressors locally.

Here,l develop and apply an agemhsed model (ABM) of a treeline ecotone occurring
along an elevational gradient. In this hypothetical landscape, mean air tempg@ogkdicevn
driver) undergoes monthly cycles and decreases gradually with increasing elbaagdnon
a set lapse rate. This temperature gradient, as experienced by the individual tree, is locally
modified by microclimatic temperature regimes (bottopnfectors) that are modulated by
facilitative seedling interactions (Harsch & Bader, 2011). Asweeffects of close spatial
associations among neighbours are incorporated as competition for space and resources
following a zone of influence model (ZQAljn et al., 2012) Lower temperatures experienced
by the individual leads to reduced plant growth and enhanced mortality andneigilated
performance of individual trees dictates the facilitative/competitive nature of tree interactions
(Malanson & Resler, 201&nd the availabilit of thermal shelte¢Screrrer & Koérner, 2011)

Using this model, the objectives of this study were to: (1) Develop, describe, and
evaluate an agedfiiased model to simulate emergent ireelpatterns along a hypothetical
mountain slope induced by a macroscale temperature gramigaspecific competition and
facilitative thermal microclimates, (2) Use existing data from alpine meteorological stations
within New Zealand to generate alpibeech treeline ecotone scenarios, (3) Identify thermal
threshold values expressed on thenwscale level (bottorap) which enable successful tree
recruitment beyond current treeline population boundaries, (4) Explore the role of
competitive/facilitative plantplant interactions in dictating treeline ecotone population
dynamics along the stregsr adi ent , and (5) Mdowni tgmpdradutee t h e

regime to explore beech treeline population responses to a global warming scenario.

5.2 Material & Method

5.2.1 Model overview

The hypothetical mountain treeline ecotone developed within the Netlogtellimg

environment (6.0.4Wilensky, 1999)drew loosely on a hierarchical conceptual model of
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treeline pattern development outlined by Harsch & Bader (2011) where sets of nested
mechanistic drivers act to ingse elevational limits on tree recruitment, mortality and growth

at the treeline ecotone. In my model, a macroscale thermal gradiemidégprtiown control

on the thermal environment along the gradient, wivakthen locallymodulated at finer scales

by existing trees and subalpine vegetation. Thus, the performance of newly recruiting
seedlings, in terms of survival and growth, re=iifrom both topdown effects of mean
temperature and botteop effects of neighbourhood ingations that contrédd fine-scale
variations in seedling thermal microhabitat (facilitative effect, shelter) and competition for
resources (adverse effect).

Microclimatic shelterhad the form of intraspecific associations between putative
seedligs and existing trees, whetaller neighbours provide thermal benefits for smaller
successors; alternately, in the abtnezline subalpine zone, existing alpine vegetation
providedl shel t ered O6safe sitesd for s eeditlonsngs by
(Malanson et al., 201). Within the context of this model, these alpine vegetation feauares
referred to as Osubalpine tussock grasses©o,
variety of forms of physical shelter (e.g. dead trgesmorphological featureseRBler, 2006;
Batllori et al., 2009). Close intraspecific associations among trees intibddeerse effects
of competition of space and resources in their zone of influence (ZOI, adapted after Lin et al.
2012). Hence, pioneegnrecruits in bare, newnegdated areas operatdree from resource
competition butwere still subject to abiotic stress. Without the presence of surrounding
vegetation (absence of thermal shelter) these seedliagsentirely exposed to decreasing
ambien air temperatures (and ration) with increasing elevatiomvhich eventually led to
carbon sink limitations and enhanced mortalidase & Duncan, 2014Jhe model coprisel
a 2dimensional areavith the yaxis oriented parallel to the mountain slope gradient. With
every timestep the system updhsecycle of monthly updated mean temperatures wivete
further modulated by the elevation gradielRig(re 48). With increasing elevation, the grid
temperature gradually decidbased on a lapse rate of 0.6 °C/100 m of elevdtbgrelli et
al., 2018) Therefore, the coldest temperatunesremore likely to be experienced byetlrees
at higher elevations during the winter months. The response of seedlings to this thermal
gradientwasthen further modulated at a finer scale by interactions with adjacent vegetation
and the local environmental aditions igure48a-c). The interaction among neighbouring
treeswere able troduce facilitative thermal microclimates for the smaller individuals (b) or

limited nutrient uptake by increased competition for space (c). For final model evaluation the
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mountain slopewvas divided into 100 m long elevation zones to quantify treelinsitjom

changes for different model treatments.

3  Subalpine shelter
Monthly temperature update

Canopy shelter

Ss e ?I

Current treeline
(Zone 3)

. Alpine vegetation

====* fAverage tree height

l I Cooling/ heating

________________________________

Sheltered

Figure 48 Hypothetical mountain slope within the NetLogo environment. The Sl

subject to a smooth temperedigradient, decreasing with elevation (a) Temperature extremes

were reduced if a seedling ew in existing alpine vegetation. (b) Smaller than average

neighbouring trees gadad thermal benefit from association with taller individuals. (c)

Neighbouring tres share resources if their area overfagd based on selected ins&etion

modes and @ classified depending on average size of neighbours.

The temperatur e 06s e wasar@siltobtje maan monthlg ienaperdturea |

modified by local mioohabitat conditions based on the following process rules: (agédiing

recruited into existing alpine vegetation (e.g. tussock grasses), as opposed to bare, non

vegetated areas, the individuaks protected from extreme temperature deviations (e.qg.

heat/frost) and the temperature sensed by the individaabased ora buffering effect of the

tussock vegetation within a finite distance. (b) In locations with multiple trees nearby, the

height of each tre@asevaluated with respect to the average heafiiself and its neighbours.

If an individual was shorter than theverage itreceivedthermal benefits by protection of

surrounding individualsHigure 48b). (c) If neighbouring trees ovegped in their spatial

extent, they shrad the resources in this area. The sharing process fetlawzone of influence
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(ZOQl) effect Figure 48c - turquoise) and resourcesgere allocated based on the selected
competition mode (Sectioh2.5.3 which distributel resources based on physical parameters

of the individual.

5.2.2 Purpose

The purpose of this modelasto explore how changes in annual mean temperature variation
and biotic tree interactions (bottenp) affecedtreeline position and may inded facilitative

associations among agents to escape ksoalé (topdown) thermal Initations.

5.2.3 Model entities, state variables, and scales

The following entitieswere included in te model: The global environmentepreserdd a
climatic treeline ecotan(i.e. monthly mean temperatures), gnel cellscorresponddto the
elevation gradiet within this ecotone (i.e. mountain slope) and Hugentsrepreserdd
individual trees in different growth stagése. emergent trees, sheltered tredsgble 11

prov des an overview of the entitiesd state

Tablel1: Overviewof state variablegsed within the treeline model

Environment
Climate data Sets mean air temperature for [°C]
every montifor calculating vithin
the cell context
Time Plant performance parameters g [Month]
updated with every step on a
monthly resolution

Agents (trees)

Growth factor (a) Constant growth factor 1 + 01 [kg nm? time step]
representing genetically fixed
intraspecific trait variation (ITV).

Binit, Initial Biomass(ITV) 2 +0.2 [kg]
Bmax, Maximum biomasgITV) 2x10 + 2x10P° [kg]
B biomass [ka]
Grid cells
Elevation Represents assigned altitude of [m]
patch

Theenvironment represeed a hypothetical treeline ecate where the temperature sensed by

the agentsvasdictated by annual mean temperatures changing in monthly intefehle 1).
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Agents represeatlindividual trees with different biomass and height and their physiological
performance was modified by state variables ranging within a defined intraspecific trait
variation (ITV, Table11). Grid cellsrepresergd a mountain slope, where agents athto
successfully establisttach cell represead its own micralimate derived from the elevation
position (yaxis) on the mountain slop®/ith an increasing-axis value the temperature of
the cells decreade Theglobal environmenfi.e. treeline ecotoneyasthe only entity on the
system leveand déined the monhly temperature variatianto whichthe mountain slopeas
exposedo.

The model 06 swasarextanglargride £00xe6@0tsquare celldigure49),
each 1 m? in sizeéThe mountain slope therefore exteddver 600 m in elevation and the
environmentwaswrapped horizontally to avoid edging effecthe resolutionof 1 m2 wa
considered witable toaccount for regional and local effeathile enabling the model to run
practically. In this regard, table 2rpvides an overview of selected initialisation parameters

and growth processes.
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Table12: Overview of initialisation settings and growth processes used in the model

variation within the genetic pool

Variable Meaning Value Source
Initialisation parameters
Initial trees Places a starting number of agents randomly distributed in t 500 Static value*
environment
Existing If activated, places an existing vegetation belt above treigline| Default: deactivated Site depedent
vegetation elevation zone 5
Mortality If the tree growth rate (gr) falls below this value, it has a stochg 0.095 Static value*
chance to die.
Recruitment | Stochastic chance to spawn seedlings on the entire mountain 0.002 Static value*
Abiotic stress Limits the relaitve resource quality for the individual (energy 0.7 (Chu & al., 2008;
intake) and lowers plant growth Lambers et al., 2008;
Travis et al., 2006)
Height to The heighof an individual tree is calculated based on the ratio 2 -
radius height to width and can be chosen by the modeller.
Factor 2:An individual with a 1.5 m radius now has a height
3m.
Competition Resourcemediated competition for shared aréasween Complete asymmetry (Linetal., D12)
mode individuals Section5.2.5.3
Shelter Increases the experienced temperature of a tree classified { 3°C Tested**
sheltered¢nly warming,Figure48b,c)
Growth and resources allocation
ar Growth rate modified by experienced temperature, growth fac| Section5.2.5.5 (Lin et al., 2012)
(ITV), maximumbiomass (ITV), abiotic stress and competitior|
index(added to biomass)
fc Competition in@x, share of resources available for trees withil . | | ZEA (H‘/AD;’-\ I (Schwinning &
their ZOlI. £ €70 ¢ OndsTs Weiner, 1998)
Ae Effective area an agent occupieddified by biomass and fc 0C 87T QO (Enquist & Niklas,
2001)
TV Intraspecific genetic trait variatioto account for performance +10% (Bolnick et al., 2011)

*Initial number of agents, recruitment and mortalitgrenot parameterised againstIrdata.

Setupwastested to create stable population nurelfer model executiong*Initial response

threshold of a warming effect identified in the alpine vegetation treatment
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Figure49: Netlogo(6.0.4) modelling environmenExample output after 24 timesteps (e.g. 24
months). Elevabn increasd along the yaxis (600m) (bluei white). Individual trees (green
dots)werescaled with their current height.

5.2.4 Process overview and scheduling

A conceptal flowchart of the model prosses and scheduling is presenteBigure 50.
At each time step, the monthly temperature update trgigecalculation of the temperagur
sensed by the agents as the sum of the monthly temperature and the temperature assigned to
the current elevation grid modified by the thermal gradiérthe agent recrugidinto existing
al pine vegetation (her e, suelashuieredfeoméextresnse o c k)
temperature deviations (Sectibr2.5.4 . The dér ¢eh edé saevressreage BPei ght
trees and, dependent on its height, diessi t sel f as a &6ésheltereddé o
1c). The individual tree then calculdtats available resources based on the selected
competitionmode (Sectiorb.2.5.3, the aqality of the patchdbiotic stresy and the spatial
overlap among neighbours (ZQg). The trees then calculatéheir growth ratedr) and if it
fell below a certain threshold value the tree ¢&esction5.2.5.5. Next, thetrees updatktheir
height information. Finally, recruitmenbak place, new agents spagchwith a predefined
probability (Sectiorb.2.5.9 and @t their state variable@TV) assigned Figure 50).
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Agents

Trees
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modifier
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-
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/
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—_

Calculate available

@9 (zol resources/area (Ae) based
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Site quality (abiotic stress),
Growth (gr) available resources/area
(Ae), agent temperature
Stochastically induced
Mortality = with low growth
performance
}
Spawning agents
End? 4+—— Recruitment t—> randomly with a
stochastic chance
Model Treatments
Site Alpine vegetation + Site Competition + Site Global warming
Multiple site Minimum Selected interaction Increased monthly
temperature data temperature within mode T (T T
(monthly mean) tussock

Figure50: Conceptual flow diagram of the treeline model illustrating the hierarchy of operation

structures within the model.
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5.2.5 Design concepts

5.2.5.1 Basic principles

Model paramedrisation was selected to create generic treeline traosgi by decreasing
numbers with altitude within the 600 m gradient. Model treatments (broad &dade effects)
were designed to observe outlining drivers behind the nature of treefinsitions(diffuse,
abrupt) along the hypothetical mountain slopeeE approa@dthe physiological limitations

as the climatic stressors lagee more pronounced with increasing elevation, meaning that there
wasan increased benefit of positive plamteractiongCallaway et al., 20023t treelinewhich

is being investigated within this moddlhese positive associations of trees wettisting
vegetation hd the potential to overrule macroscale stressoighlighting the importance of
microhabitat heterogeneity for recruitment suco&sherrer & Kérner, 2011)Within the
concept of this model, a predominant-tbpwn operating driver of monthly mean temperas
wasgradually more pronounced towards higher altitydensuHarsd & Bader 2011) Fine
scale, bottorrup mechanistic drivers further modulatais effect andverebased omdividual

tree bioticinteractiors (plantplant) with neighbourg(intraspedic) (Batllori et. al. 2009) or
other vegetatiorfplantenvironment) irthe subalpine belinterspecific)(Harsch, 2010). The
model ainedto shed some light onto the interplay of these mechanistic drivers, illustrating how
a gradual decrease in mean terapgre toward higher altitudes (teadown) combined with

close microhaibat associations (bottomp) lead to the formation of a treeline ecotone.

The intraspecific interactiowasbased on resource competition among neighbouring
trees, where they cqueted for equally distributedresourcesheywere able t@llocate tovards
growth If seedlings spatially overlged theysharedresources within this area based on the
selected interaction mode (Secti®2.5.3. The model offeed a rangeof competitive
interaction modewhichwerebased a thezone of influenc€ZOl) models developed by Lin
et al. (2012. While trees competefor resources, they alsshowed facilitative interactions
with their neighbours, where a close associatibsmaler trees to talleneighbours providk
mechanic shelte This effectincreasedhe temperatureensed by the individuatlampening
the impact of thaop-down limitation. An additional opportunity for the trees to realise an
interspecific facilitative asstationwaspresented by thermal shelter in the envinennt, which
wasrepresented in this model as existing vegetation (alpine tussock). Within the scope of this
work, the concept of tedown and bottorup operating driversvas simplified to address

relevant expression of thermal regimes and identify critie@perature threshold values.
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The response of individual trees to changing conditwaisimposed via probabilistic
rules without adaptive decision making (e.g. learning). However, weesassumedo sense
their ambient temperature, their own heightd éhe average height of neighbouring trees.
Existing taller trees (emergent) cretgarmer thermal microhabitats for smaller neighbours
(sheltered), while at the same time comgefier resources if lteir zones of influence
overlgped Based on their congition modethe trees actively competéor spaceo increase
available resources thewere able toallocate towards growth. The interactions among
neighbouring treeweretherefore of both facilitate (thermal benefit) and competitive nature
(resourceaallocation).

Thereweretwo randomsed mechanisswithin the modelthe chance to spawn in any
given patch on the field and thatraspecific genetic trait differences (I7TWhich has been
advocated st an important factor in the modelling cdmmunity dynanas (Bolnick et al.,
2011) When new trees spawn, thegreassigned a growth rate (a) and an initial and maximum
biomass (B,Bmay randomly selected within their ITV rang&gble 11). The growth
performance otthe individual level thereforerasslightly altered by the genetic diversity of
the tree specie3ree mortalitywasinducedif treegrowth(gr) is constrainedy the amount of

resources they carctavely useandthe temperature theyerecurrentlyexperencing

5.2.5.2 Initialisation

The modelwas designed to be generally applicable to multiple sites, | therefore ptbvide
different options to account for different conditions on a hypothetical mountada. skince
the modelwasdesigned to simulate general tiaelemergence patterns along a hypothetical
stress gradient, the initialisation parameters were selected auti(fedile12 & Section5.2.6

to verify the replicability of the output.

5.2.5.3 Cormpetition

| distinguisted between five different modg3able 13) for resourcenediated competition
adapted after the ZOIl model proposed by Lin. et al (20¥®des rangd from complete
asymmetry the bigger individual takes all contested resmes)to complete symmetric
competition (even allocation of resources in their effective area independent of size)
(Schwinning& Weiner, 1998) The different competition modegereindexed in the model
using thefc parameterThisvaluein turn modulatd the effective areag) whichwasused by

the tree to allocate its resources towards growth.
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Table13: Overviewof competition modeandtheir respective effes{adapted after Lin et al.,
2012). The value of the shared area for the individmasdistributed disetely orwasbased

on their current biomass (size symmetry, allometric interacti@ug)ations in Appendix B.

Competition mode

Effect

Complete Symmey

All plants receive the same amount of benefit from each other, irrespe
of their species asizes

Size symmetry

Benefit is proportional to benefactor's size (equal gain per unit sizq

Allometric symmetry

Benefit increases with benefactor's sizd, lbss than proportionally

Complete asymmetry

The beneficiary plant receives all benefits, withadvantage to the
benefactor plants. Bigger takes it all.

Allometric
asymmetry

Benefitincreasewi t h benefactor' s si

The competition indexf€) identified the share of resources available for the tree within their

respective ZO[(Schwinning & Weiner 1998)

fc Index for competitior/E*

The effective areadg scalela | | omet ri cal ly

andwasfurther modified by the competition index:

Ae Effective Area

5.2.5.4 Temperature

The model dok the mean temperature of the respective month derived from the provided
climatic table(Section5.2.7) and the temperature assigned to the patchrélegvaslocated on
which wasmodulated by the altitudinal temperature lapse rate (0.6 °C / 100 m, Nigrelli et al.,

2018) The model staedat zero elevation Trree= air-temperaturanean) and theemperature

6C 67 Qo

sensed by the individual treeasthe sum of both values.

Trree = air-temperaturemean +altitudinal temperature

The temperaturenvas then further modified if a tree shed close spatial assiation

(temperature increase/bufferingjth neighbouring individuals by a value later identified to
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generate warming effects in alpine e&gfion simulations (+ 3 °C). If a tree recegitwithin
existing alpine vegetation the temperatwesbuffered ad dd not exceed 20 °C or falls below
a predefined minimum temperaty®ection5.2.8.

5.2.5.5 Growth

Plant growthwasmodified by current biomass, available space and grid qualitwasddded

to the biomass after each timestep. It fokalthe concept of growth under competition and
abiotic stress proposed by Lin. et al. (2012). Thenmgh rate(gr, kg n? time step) wasa
product of temperature sensed by the tieed, a growth factord), accounting for the ITV
(= 10 %), effective areaAf), biomass B, Bmay) and competition indexf¢). Abiotic stress
adversely and linearly affesd resource uptake amngas modified by the shared area and
limited by the maximum achievable biomass. The regattadded tahe current biomas®8j

of the tree Tree temperature@asadjusted by a scaling facta) (vhich represeedthe annual
mean temperature across all sites testgect{ion 5.2.7) to limit the impact on growth

performance.
o Y s G G608 OR®I
N © B bood @il P T p
P05 w
with
fc Index for cometition Q¢

If tree growth &8l under a critical thresholdy < (B * 0.75) *Mortality) the tree did andgot
removed. Successful treerformance is therefore associated with higher temperatuddsya

minimising resource competition with neighbours.
A detailed model description follows the ODD (Overview, Design concepts, Details) protocol

for describing individualand agenbased mods (Grimm et al., 2006as updatethy Grimm

et al., 2020 This is designed to enable model reproducibility (see Appdsidix
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5.2.6 Sensitivity

Initialisation parameters were selected based on previous studies but population dynamics
(initial number, spaw, mortality)werenot parameterised against real data. Thesevgelected

based on preliminary simulations to assure tree pool numinsotl collapse within the
observed timeframe (24 timesteps). To test the model performance, | ran the model within a
10% range (+) for the initialisation parameters and observbd relative change in tree
numbers at the end of simulation compared to the unchanged baseline sdeddebd). This
procedure was designed to test the stability of the model and the impact of initialisation
parameters for thignal output. | tested the initial number of trees, the stochastic probability to
die (Mortality), the relation between radius teight, the germination chance of new trees
(Spawn rate) and the impact of abiotic stress. For every scenario | ran 50smugdations

and 24 timesteps (months). The model showed highest sensitivity to increases in abiotic stress
(site quality) and incresed mortality (+ 10%) where the total numbers of trees decreased by
12 % and 5 % respectively. The model revealed high lgyatand this can probably be
attributed to the high degree of setiganization in alpine forest ecosystef8mith-McKenna

et al., 2014)

Table 14: Relative change in trepopulation after 24 monshfor changing initialisation

parameters (+/10%)

Parameter [Initial value] -10% +10%
Initial trees [500] 1.01 0.99
Mortality [0.095] 1.05 0.94
Radius to height [2] 1.00 1.00
Spawn rate [0.002] 0.95 1.03
Abiotic stress [0.7] 1.03 0.88

5.2.7 Model application for New Zealand beech treelines

| tested the simulation with average mean temperatures foNmiofagaceadreeline sites
at differentle at i ons within New Zealandds North and

for the model were sourcéam four available mountain weather stations (> 700 m a.s.l., Table
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10) from the Cliflo online database (CliFlo, 2020). | used monthly mean tempeastrsged
from 1981 to 2010 (Tableks & 17).

5.2.8 Simulation treatments

To test the impact ovariation in aspects of the broad temperature regime and microscale
interactions, | designed a range of four model treatmdiatisl¢ 15). Fnal treatment outputs
were compared for each of 50 replicates at the end of then@#th period. Population
dynamics where quantified in their respective elevation zones andpledted within R (R

Core Team, 2019)f not explicitly stated, initialisation parameters where kept constant.

Tablel5: Four testeanodelling scenarios and th@bjectives

Model Treatment Modified Parameter Reference

Objective: Use existing data from alpine meteorological stations within New Zealand

generate alpine beech treeline ecotone scenarios

Variation in macroscal¢ Annualmean temperature modifiel Korner & Paulsen, 2004
temper&ure gradient | by datasets from four

meteorological stations

Objective: Identify thermal threshold values expressed on the microscale level fopjtg

which enable successful tree recruitment beyaurdent treeline pagation boundaries

Climatic shelter in Annual mean temperature + Scherrer & Kérner, 2011
subalpine vegetation | minimum temperature experience| Batllori, 2011

by seedlings within alpine

vegetation (Zone 5)

Objective: Explore the rolef@ompetitive/facilitative planplant interactions in dictating

treeline ecotone population dynamics along the stress gradient

Macroscale gradient | Annual mean temperature + five | Malanson & Redr, 2016
and fine scale agent | different interaction modes
interaction

Objective: Ma n i p-doWwretedmperatute eegimmeotalesplorie beedh trael

population responses to a global warming scenario.

Global warming Spatially homogenous increase in Elliott 2011; 2012

elevation temperature
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For thefirst treatment, | tested the influence of variation in the-dopn, macroscale
temperature gradient on treeline position. This treatment was introduced to test how variations
within annual mean temperatures affect treeline shape (e.g. diffuse, abdip@eine zone

position (Kérner & Paulsen, 2004) and served as a baseline for other scenarios tested.

The second treatment introduces subalpine vegetation just beyond the current treeline
edge identified in the first scenario. The vegetation belt repiseaancroclimatic niche within
the treeenvironment interaction and buffers the temperature range within defined limits. This
scenario was designed to assess thermal threshold values within microclimatic feedbacks
(bottomup) which enabled trees to dampiée inpact of topdown operating macroscale
temperature gradient manipulated within the initial treatment (Malanson et al., 2011). While
the maximum temperature sensed by an agent within alpine vegetation is 20 °C and remains
unchanged, | tested a rangeabsolte minimum temperatures which trees can experience if
they establish within the alpine vegetati@ofe 5) and verify if the presence of this thermal
buffer facilitates treeline recruitment beyond ecotone borders identified without alpine
vegetatio. | ued the mean temperature data from all four previously used weather stations

and tested a range &f to 5 °C (0.5 °C intervals) absolute minimum temperatures.

The third treatment tested the hypothesis that variations in tree interactions
(competiton) within their ZOI would lead to different treeline forms (diffuse, abrupt) and/or
changes maximum treeline elevation zone. | modelled variations in interaction modes and
macroscale temperature simultaneously. This way | was able to test the influsyrenatric
(size, allometric, complete) and asymmetric (allometric, complete) resource allocation
principles Table 13) for the agent interaction and their role in dictating species populations
(Chu et al. 2008). It has been hypothesited with an elevated stress gradient the relevance
for tree interactiorwith their environmenincreasegBertness & Callaway, 1994Callaway,

2007) which might affect population abundance in higher elevations.

The fourth treatment simulates a warming scenario, where thdotop tenperature
gradient (monthly mean temperature) is homogenously elevatgatby3fC in increments of
0.5 °C (elevation temperature). This scenario was designed to estimate the effect of climate
warming on the position and pattern of alpine treeline ecef(@likott, 2011, 2012)and was
tested for the Craigieburn valley climate dataset, the site which has been most intensively
studied within tirs thesis.
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Table16: Position of meteorological stations in New Zealasdd within this study

Station Latitude Longitude Elevation Observing
(m.a.s.l.) Authority
Arthurs Pass -42.94152 | 171.56285 745 NIWA*
CraigieburnForest -43.154 171.714 914 N/A
Mt Cook -42.736 170.096 730 NIWA*
Mt Ruapehu -39.19589 | 175.54504 1097 NIWA* /DOC**

* National Institute of Water and Atmospheric ResearcB&partment of Conservation

Table 17: Annual monthly mean temperatur§¢¥C) for four meteorological stations in New
Zealand (> 700 m a.s.l.) from 1981 to 2010.

Arthur s Pass

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep| Oct | Nov | Dec | Year
13.3/135/111| 83| 54| 28| 17| 31| 52| 70| 95 |115]| 7.7

Craigieburn Forest

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep| Oct | Nov | Dec | Year
139(139(118| 87 | 58| 31| 25|37 |59| 78|99 | 12 | 83
Mt Cook

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep| Oct | Nov | Dec | Year
146|146 123 94 | 6.2 | 33 | 22 | 40 | 6.8 | 86 | 109| 12.7| 8.8
Mt Ruapehu

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep| Oct | Nov | Dec | Year
12.4|126(10.7| 83 | 59| 36 | 3.1 | 33| 49| 6.4 | 84 |106| 75

5.3 Results

The model esults were displayed as tree abundance per elevationalkiguneeb1) and were
designed to estimate the impact of macroscale temperature variations on treeline position
(Korner & Paulsen, 2004Three sites (Arthurs Pass, Craigieburn, Mt Cook) exflaitmore

gradual population decline starting from the fourth elevation zone just beyond the current
treeline. This decline was more pronounced
abundance compared to the previous zone) than for Craigiebih@ook (12.4 to 19.4 %
decrease in zonal tree abundance). Mt Ruapehu generated a higher treeline and an initial

population decline can be observed starting from the fifth elevation zone and shows a more
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rapid decline than the other sites8(.4 %). Poplation numbers within established forest
(Zones 1- 3) revealed no clear differences between sites and the same can be observed for the
highest zones tested {5), where tree abundance was only half of that found within the forest
zones. Tree abundanceffdrences induced by tegown control via monthly mean
temperatures can therefore only be observed in higher elevation Zames4 & 5). The

mildest winter scenario tested (Mt Ruapehu) generated the highest treeline position before an
initial populatian decline became evider@limate datasets used within this conceptual model
were used to study emergence of different treeline forms and are merely indicative for absolute

treeline position as identified in the field.
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Figure51: Effect of variation in annual mean temperature on emerging treeline pattern
abundance per elevation zone for four different annual monthly mean temperature tre
(site data). Temperatures derived from meteorological stations (> 700 mia.New

Zealand. 24 timesteps (2 year), 50 model runs per site treatment.

For the comparison of minimum temperature within the alpine vegetd&igaré52), | used
the same initialisation parameters as in the @@parison Figure 51), but irtroduced a

vegetation belt within the subalpine just above current treeline liddiisg 5). The existing

123





























































































































































































