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Abstract

The native dryland zone in New Zealandds Sout

grazing, and other anthropogenic activities since human first dreeme 700 years ago. Only

30% of its original native vegetation remains, with <2% of it legally protected. Preserving what

is left of the remaining natural ecosystems is urgent, and ecological restoration can be an
important part of the solution to incsEathe area by reclaiming some of the degraded landscape
within the dryland zone. However, reintroducing native plants as seedlings is mostly ineffective

if disturbances have pushed ecological processes over certain thresholds that now represent
barriers o ecological succession and restoration. These ecological thresholds can be the exposure
of seedlings/saplings to direct sunlight and strong winds, water stress, soil compaction,

herbivory, or competition between the native and exotic species for resanm®sy others.

The objective of the research described in this thesis was to identify management interventions
that might allow restoration to overcome key ecological thresholds preventing the establishment
of native woody vegetation. The research waslenraken at five study sites in Northern
Canterbury and the Mackenzie Basin. A combination of ground cover manipulation and shading
trial, together with irrigation and grazing exclusion, were used to investigate the options to
overcome these thresholds tbe establishment and growth of native woody tree speties.

results showed that the native seedlings had higher probability of survival and growth rates in the
shaded treatments, likely due to increased soil moisture and soil aeration. Removaloof exoti
grasses, irrigation, and fencing also increased native seedling establishment; however, the best
results were detected when these treatments were combined with shade. Therefore, ecological
restoration of degraded dryland areas on former agriculturalfphtinds can be achieved if the
effects of direct solar radiation on soil aeration, soil moisture, and microclimate are reduced
through the creation of shelter for planted native seedlings. Additionally, exotic plant species
must be removed, or at leasduced in density, and herbivores excluded in order for restoration

efforts to be more successful.
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iTo be poor and be without trees, is to be the most
to be completely rich in ways
Clarissa Pinkola Estéd he Faithful Gardener: A Wise Tale About That Which Can Never Die

1. Introduction

The dryland zone in the South Island is one of the most altered native ecosystRms
Zealand, with only 30% of its original native vegetation remairfRggers et al., 2005)The

natural vegetation cover of the dryland zone has been drastically reduced due to burning,
grazing, culivation and other anthropogenic activities. Even where native vegetation remains,
humaninduced fire and other disturbances have continuously altered this ecoéystershurst

et al., 2007) The long history of agriculturalkctvities and grazing in this landscape means that
soils have often become compactmdsomehow degraded, and soil moisture properties have
most likely changedPayne & Norton, 2011)As a result, regenerati of the native vegetation

is often difficult in abandoned farmland because of modified environmental characteristics which
impose active management of restoration efforts to essiww@essfuestablishmet of the plants.
Walker et al. (2009b3uggest that it is possible to change the véiget@ommunity from a less
degraded state to woodier component if disturbances are reduced or eliminated and seed
sources are available. They also suggest that these communities can gradually (and slowly in
drier sites) move on to a taller woody commuruot/er time.Rose et al. (2004and Rose &
Frampton (2007)support the hypothesis that transitions may occur depending on seed

availability, site conditions (e.g. soil properties, climate) and species traits.

Plantsare usually able to recolonize a degraded area once disturbancegAveats et al.,
1999; Walker, 2000; Maz¥illalobos et al., 2011)However, natural succession does not initiate
on some sites even after didiances are removdgHoll et al., 2000; Standish et al., 2007)
Natural regeneration can be espkgilmited in areas where the general landscape has lost all of
its soil cover (e.g. mining siteshr where the soil has become compdabr toxic for plant
growth (e.g. intensive pastoral and agricultural activitiddfitionally, the bss of seed bardnd
other propagule sources caiso preventor retard natural regeneratiqivates et al., 2000;
Wardle et al., 2001; Zhao et al., 2005; Measham, 2009; Tang et al., B@d@y identifying the

potential environrantal conditionsthat might be affectingnatural vegetation successi@md
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hindering restoration efforts has become the main subfenterest forrestorationistgStandish

et al., 2009) How can the losecosystem be restored more quickly so that environmental
services may function agairRurthermore in cases where natural succession does not occur
anymore, what can be done to initiate@graded landscapes that have undergone disturbances
thatled to nodifications in theecological processemd therefore no longer support the native
vegetationmay require active interventiasf restorationist$o overcome specifienvironmental
barriers (biological and/or abiotic conditions) in order to promote andrgntee restoration
succesgHobbs & Norton, 1996; Hobbs & Harris, 2001; Standish et al., 200®)erstanding

what these barriersr ecological thresholdare will enable restoration ecologists tletermine

themethods and tools to restore degraded ecosystems more effe@udiipeaux et al., 2003;
Suding & Hobbs, 2009)

New Zeal andOoisondoftyd ea nado wmtnrey 6s most endanger ed
least well protecteqWalker et al., 2009b)Therefore, the need to expand and increase the
current area size of native drylandNew Zealand is fundamental for the maintenance of this
ecosystembs biodiversity, along with protectd.i
has raised the interest of conservationists in using formerly agricultural and pastoral lands for
this pupose. However, natural succession and restoration efforts seem limited on these lands as a
conseqguence of changes in the environmental characteristics of the sites after decades of farming.
The focus of thigesearchwasto better understand soned theseenvironmental constraints to
restoration ef f oecdogical thresholdsanfd bawtthey canabe mmanigulatéd

to enhance restoration success former agricultural lands. A combination of ground and
aboveground treatments was establishedivan study sites in Northern Canterbury and in the
Mackenzie Basin, for the purpose of testing grass removal effect (Rank Grass trials),
supplemental water (Irrigation trial), herbivory (Grazing trial), and shade on the establishment

and growth of native wody tree species.

The following pages a schematic description of thdisturbancepathways that led to the
degradation of New Zeal anrbdctios 1.1dpragrdnja ThedGeremin e i s
hypothesesectionpresents the questions around the ecological thresholds manipulated in the
two experiments (Rank Grass and Degraded Short Tussock trials), how their manipudetion w

expected toaffect the current environmtal conditions, andhe responses from the native
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seedlingsThe Literature Reviewsection containa bibliographicreview of thecurrent degraded
state of Ndyland zaneandaf the @esessityo increaethe conservation status of

this ecosystem through restoration of abandoned farmldimgsapproach takewasbased on

the recent theories of ecological succession and -atatransition models that include
alternative states and the development of ehogcosystems as possible scenarios for a
regenerating landscap The heory around environmental thresholdsfurther introduced and
explained as well ashow disturbances in natural ecosystems can transform ecological processes
into factors that can pentially restrain the return of the native vegetation or cease succession
completely. The list of possible environmental thresholds to ecological restoration is vast; hence,
the present research concentrated on current environmental characteristictuafyttstessuch

as the presence of exotic grasses, soil moisture levels, and intense solar radi#tiermain
causes of restoration fare on these sites specificalljhe effects of herbivory on the native
seedlings were only analyzésrough one tal (Grazing Trial), whereas all the other study sites
fenced off and herbivg was assumethexistent or insignificant for thanalysesThe Methods
sectionpresents description of the study sites, their locatispecific restoration issues for each
site, and a layout of the experiments. Still in the Methods sectiemprocedures (field and
laboratory methods) to obtain tldata for the statistical analysese described, as well as the
construction of the stistical modelsin a Bayesian frameworin order to answer thgeneral
hypotheses: what is the probability that native woody tree seedlings will establish and grow
under the current environmental condition? Which environmental factor, or factors, is most
definitely restraining the persistence of native woody seedlings in these &ase® on the
analyses of survivorship, growthnd physiological measurements presented in the seetions
and 5 (Results of the Rank Grass and Degraded Short Tussock trials, respectively),
environmental factors that are linkedréstoration failure on former farmlasd n New Zeal an.
dryland zoneare discusseih sections4.4 (Rank Grassand5.4 (Degraded Short Tussockased

on the literature and other researclasally, Section6 presents the congsionsdrawn based on

the Rank Grass and Degraded Short Tussock experiments and suggestions tveoweademe

the ecological thresholdsdentified as key environmental factors preventing ecological
restoration on these particular study sites, but afsmther areas with similar ecological

characteristics to the degraded sites analyzed inhhsss



1.1Diagram

The diagram irFigure 1-1 depicts the degradation factors (black arrows) that transformed the
native woaly vegetation of prauman times in to the current exotic grassland, herbfield and
woody vegetation types. The red arrows indicate the possible recovery pathways of the degraded
exotic grassland and herbfields back to native woody vegetation if the edlitatesholds
(numbers 8 to 11the focus of this researnchre overcome. The green dashed arrows are also
pathways to recovery of degraded landscapes, but they are not considered in this study. In this
thesis, the ecological thresholds observed in théegoasslands and herbfields where the study
sites are located will be assessed as to determine whether they are constit@ntegeneration

of the woody vegetation in these areas and how these thresholds might be overcome through

management intervants.
Thedegradation factors depicted in the diagram (numbers ldan/e summarized as follows:

- The dryland zone in the South Island is believed to have been covered by native woody
vegetation in prdiuman times that was reduced to native grasslan@dbynesian/Maori
settlers, and later lyuropeans, through burning (1);

- The native grassland have been further degraded into exotic herbfield as a result of European
agricultural practices, especially overgrazing by livestock usually in combination with
invasive animals and exotic herb invasions (hawkweed and browntop). These exotic species
were originally brought into New Zealand to improve pasture quality for grazing animals
(browntop) or occurred as impurities in seed imports (Hawkwedds)),

- The further modification from native to exotic grasslands has been driven by European
agricultural practices such as cultivation, fertilizer application and irrigation (3). The same
activities also transforad exotic herbfields into exotic grasslands. Exotrasglands were
also created directly by European deforestation, burning and harvesting/felling (1,2),
normally followed by sowing and fertilizer application; and more recentlygultivation and
irrigation (3); and

- Both exotic grasslands and herbfieldsynize transformed into exotic woody landscapes
through land abandonment and/or low agricultural input, often followed by the removal of

grazing pressure (6), and the subsequent invasion of exotic woody plants (7) especially
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conifers Pinusspecies an&seuadtsuga menziegiand some exotic shrub species (European

broom, gorse, hawthorn etc). Native grasslands can also be invaded by exotic woody species
under similar situations.

Degradation factors

1—fire
2 —harvesting S
3 —cultivation, sowing, fertilizer, irrigation native WOOdy
4 —overgrazing {domestic and wild)
o N 8-11
5—exotic herl,) invasion : & A
6 —removal of grazing pressure i \ 1 \\\
7 — exotic woody invasion i \ S
| \\ Sso
: \ S
e 123 | \
! \ .
i \ native grassland
1
1 24
i o
1

\
\
\
\
%
A
w
-
—’—

6,7

exotic woody

Figure 1-1 Pathways of ecostem degradation and potential recovery of eastern South Island
drylands (dashed green pathways not considered in this thesis).

The focus of this study lies on the pathways to recover/restore exotic grassland and herbfield
back to native woody vegetationdais represented by red arrows on the diagram. The thresholds
assumed to be inhibiting natural or active regeneration of the study sites that will be used in this

research are indicated on the diagram by numbers 8 to 11, and are as follows:

(8) Loss of sed source The study sites are mostly surrounded by anthropic landscape with
sparse or no native forest remnants. Deforestation caused the extinction of many plant species in
t he study arhehaleddologsiotseed sotircee s, w



(9) Competitionwith exotic grass/herbsThe areas are dominated by an exotic grass sward and
by herbs that compete with the remaining native plant species, thus inhibiting or even blocking
the establishment of native species seeds and seedlings, if @lsgraigemensinot carried

out;

(10) Herbivory and Diseasé&sBrowsing and chewing of tree branches and seedlings by exotic
vertebrates such as deer, sheep, goats, rabbits and hares are problematic for restoration practices
in the study areas. These animals eatthd $ee ng shoots and buds, t hu
development when not killing them. The microhabitat formed by the rank grass may also create

an ideal environment for fungal and/or bacterial development that may cause diseases to native

seeds and seedliggan extra threat their establishment and survival,

(11) Altered soil properties Deforestation, agriculture, pastoral practices and exotic species
invasions do not solely affect the surface of the ecosystem, but the soil physical and chemical
propertes as well. Seeds and seedlings cannot establish themselves in the soil unless through
assistance, such as active plantirifgen so, this does not necessaiihply that plantings will

grow and survive on the site if soils are compacted, toxic, nu@mt or the hydrological
system has been altered in a way that water is too scarce for seedlings/seeds to absorb.

The mainobjectives of this researclere to determine which threshold (or combination of
thresholds) that is preventing woody tree speftm® establishing themselves and surviving on
the study sites and how this can be reversed for the benefit of ecolgt@iation of New

Zeal andbs dryl and ecosystems



1.2 General hypotheses

Water availability is a limiting factor to the establishmentative woody species because of

the current soil physical properties of the sites, which facilitate the colonization of the areas
by exotic grass and weed species;

The use of shelters will protect restoration plantings from weather elements, essengietly dir
solar radiation and high wind, and will decrease current elevated water evaporation levels,
therefore making this fundamental resource more available to plants, and increase the
probability of seedling survival and growth;

Grass removal treatments miyprove the chances of restoration projects by reducing the
competition between native seedlings and exotic grasses and wesds fesources and for

light;

Native seedling establishment is hindered on the study sites because of the presence of
domesticgrazing animals and other types of herbivores, such as hare and rabbits. Therefore,
restoration of the native vegetation will be more successful if seedlings are protected from

predation through fencing.



2. Literature Review
2.1Ecological Succession, Restotian Efforts, and Ecological Thresholds

Ecological succession is a natural phenomenon that every biological community undergoes to try
to restore the natural balance between the biota and the physical environment, by either
recovering or replacing the spes that were lost, and reinstituting the ecological processes that
may have ceased following a disturbance eyéahnson & Miyanishi, 2010)The timeframe

between disturbance and recovery depends on the nature, duration, and intensity of the
ecological impac{Hobbs & Norton, 1996)It is common in certain situationsrfé0 or 100

years to elapse before a satisfactory vegetation cover develops. In other situations, for example,
on mining sites where there is extreme soil loss and mostly permanent soil damage, the original
vegetation cover is most likely never to retBradshaw, 1997)A normal practice to assist

natural succession on degraded sites is to sow or plant selected species to ensure recolonization
of the area. Actively planting tree seedlings will readily provide soil organic matter, lower soll
bulk density, bring mineral nutrients to the surface and accumulate them in an available form.
This type of restoration e {ComeaezAparicionet a.|2008)s ¢ h o c
that are easy to propagate, able to suppress weeds and grasses, asditablgtenicroclimate

for seed survival and seedling establishn{8takesley et al., 2002b; Widmann et al., 2003&)

iSs necessary to ensur t he pl anting of mat ching or Afran
microsites that are able to endure the harsh conditions during the initial stages of the restoration
process (e.g. compacted soils, soil salinity or toxicity, direct solar radiationaettwill create

a more suitable environment for later successional species teiriteoticed (e.g. increase soll
organic matter and nutrient leveMgates et al., 2000Framework plant species are expected to
repair the sink source or increase the potential for sinks to de(@ésva et al., 200That will

facilitate the return of lost species and ecological functions, and stimulate the successional
process on their ow(Cabin et al., 2002)As well as amelioratingoil physical and chemical
properties and restoring the water cy@ang et al., 2009)assisted development of a vegetative

cover has proven to be a fundamental step towkdbtating forest succession by providing
perching opportunity for bird§Reay& Norton, 1999) Ecological regeneration may become
self-sustaining in the long run with the return of pollinators and seed dispdisesa &

Tamba, 1997; Reay & Norton, 1999)



Fire has ao been used as a management tool for restoration of degraded cerrado vegetation
areas in Central Brazil by reducing the density of the invasive African Brashiariasp on the
landscape with herbicide application, introduction of grazing animals naosttle), and
controlled fire(Marimon & Lima, 2001) By lowering grass density, the combustible material is
reduced, thus lowering fire frequencies grassdominated ecosysten{8rooks et al., 2004
Ammondt & Litton, 2012) The use of fire or grazing animals as a restoration management tool

iIs common in ecosystems that haveesolved with fires and herbivorfEiten, 1972; Walker,

1987) or present plant species withpreductive structures that can only germinate after a
burning eventEiten, 1972) However, these techniques must be used with care because burning
of watersheds supporting certain types of vegetation may, on the contrary, increase erosion rates
and degradatio(Binkley & Fisher, 2013)and the constant tramping of grazing animals such as
cattle can case soil compactiofiyates et al., 20003nd their excrement can pollute the soil and
waterways(Bilotta et al., 2007)Also frequent burning has been reported to reduce above and
belowground biomas@/an Langevelde et al., 20Q3gcilitate biological invasions of more fire
resistant plant speci€b'Antonio & Vitousek, 1992)and to benefit grass cover over shrub and

tree speciegWatkinson & Powell, 1997)In grasslandareas in West Africa, restoration of
former pasturelands proved more successful with fencing and consequently reduced grazing

pressurdMengistu et al., 2005; Hejcmanova et al., 2009; Campbell, 2010)

The restoraon management tools discussed above involve techniques that basically try to
stimulate natural regeneration by reducing stressors and introducing native plant species.
However, the recovery of an ecosystem also depends on system components and phatesses
were probably altered after the disturbariBeown & Lugo, 1994) as wel | as the
resilience (Lugo, 1988) Resilience is the capacity of a system to absorb disturbance and
reorganize while undergoing change so as to retain essentially the same function, structure,
identity, and feedback@-olke et al., 2004; Walker et al., 2008Resilience relies onidtic and

abiotic interactions inside an ecosyst@ialker et al., 2009b)Whenever a disturbance breaks

these interactions, the entire ecosystem can be affected because of changes in the ecological
processes. If the changes are permanent (e.g. increase in soil salinity caused by irrigation) the
original vegetation may not be able to-celonize the site even after the stressors have been

removed (e.g. cessation of farming and irrigation) due to the site no longer possessing the



necessary prdisturbance conditions for that species to exist and persister@lyr the

mani pul ati on of a siteods environment al cond
accommodate the native vegetati (Lugo,sl988)mgui r em
become an appropriate tactic used by restoratio(Ngtdker et al., 2009a)More and more,
researchers have been looking into incorporating alterna#ijetories of succession dictated by
ecological thresholds and stochastidiByke & Krick, 2005; Ammondt & Litton, 2012hat

integrate a more holistic approach to restoration of degraded ecosystems that involves not only
direct seeding or planting of seedlings, but also soil property amendhaeg et al., 200%nd
reintroduction of faungdCarter & Newbery, 2004Costa & Delotelle, 2006)Moreover, the

history and characteristics of the perturbation should integrate theastitiansition model for

ecological succession and restoraff@ralker et al., 2009a)

The stateandtransition models in restoration ecology are based on the modern understanding
that succession is a complex system in a dynagiclibrium statgLewontin, 1969) instead of

the gradual and linear change in species composition sequence suggeStethdyts (1916)

and that ecosystem regeneration follows different types of dynamics that are determined by
environmental feedbacks that, ineth turn, will dictate the trajectory of the ecological
rearrangement in progreg¢Suding & Hobbs, 2009)The stat-andtransition models describe

the processes of perturbations that cause transitions between states and try to explain the
relationship among degradation, community structure and ecological thre¢Boklse et al.,

2003; Suding & Hobbs, 2009Moreover, these models help determine whether the ecosystem
will move on towards the original state, form a novel ecosysterfHobbs et al., 2006)with

alternative or hybrid ecosystems along the \Wdgbbs et al., 2009)
2.1.1 Ecological Thresholds

Any natural or anthropic interference in a biataj community can provoke cascading effects

on all ecological processes and make the ecosystem more susceptible to further degradation, such
as invasion by exotic speciéd'Antonio & Meyerson, 2002)species turnovefeltsch et al.,

2011) local extinction of native speci€Schleuning et al., 2009¢hanges in fire frequency and
intensity(D'Antonio & Vitousek, 1992)soil erosion, and desertificati¢dhao et al., 2005)The

degraded state of an ecological community persists when either abiotic or biotic environmental
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factor s, henceforth called fAecol ogi cal t hresh
prevent the retun, or recovery, of the original biof@llen et al., 2006) Ecological thresholds

may be considered as ecological boundaries that determine the characteristics of an ecosystem
according to environmental components and the interaction betweer{M@kn& McLennan,

2005) When disturbances somehowmody t hese component s, t he ec
be considered as trespassed or cressed, and restorative processes will likely be stalled

(Hobbs & Harris, 2001)If the system is severely degradedhere soil food webs and processes

have been altered and the systembs resilienc:i
stable stat§Gunderson, 2000b e cause of Athe extinction of e
1974). It is comficated for the ecosystem to return to its historical or reference condition unless

the ecological thresholds are somehow manipulated in order to reinstate some of the original
environmental conditionfHeneghan et al., 2008d the native vegetation can colonize the area

again.

In New Zealand, an example of biological threshold is the effect of the extinctioramy
indigenous birds due to predation on community structure and composition of native forests and
grasslands, which could not be reversed even after predators were réBaweders & Norton,

2001) Invasive species can drastigalilter native ecosystems, especially on oceanic islands
(Vitousek et al., 1997)Another example of biological thresholds is the presence of exotic
grasses that often possess ecophysiological traits that can inhibit natural rege(iEnatiton et

al., 2010) change competitive dynamics of native plant commun{Begson & Carter, 2009)
alter the structure ofdédsd;detRel2088), and clange fit r o
disturbance regimg®'Antonio & Vitousek, 1992; Ammondt & Litton, 2012pense stands of
nonnative invasive grasses prevent establishment or cause slow growth of native species in
degraded grassids in PanamaHooper et al., 2002and in Brazil(Hoffmann & Haridasan,

2008) Invasive grasses are numerous and highly competitive for light, water and nutrients and
also hinder natural succession and restoration of dryland forests in Hhittai et al., 2006;

Cordell & Sandquist, 2008)Fire frequency andntensity in northern tropical savannas in
Australia have increased eightfold due to the presence of nonnative gi@sssger et al.,

2003)
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Abiotic thresholds involve barriers to restoration and natural succession due to changes in
microdimate (Pavliscak et al., 2015)soil physical and chemicalroperties, or water cycle
(Trotter et al., 2005) Depending on the nature, intensignd duration of the disturbance,
changes to the abiotic characteristics of an ecological community may modify its entire structure
permanently(Hobbs & Norton, 1996)Soil compaction is a common consequence of inadequate
farming pratices and longerm grazing(Yates et al., 2000)it unavoidably impacts seWater
availability to plants and affects one of the most importanlt @@perties to vegetation
development and distribution on a siiroffitt et al., 1993) Plants are unlikely to develop any
significant root growth in soil water levels near the wilting pgMawaz et al., 2013Besides,
stemgrowth would also be exceedingly slow even during summer, when warmer temperatures
would otherwise be favorable for plant growth, if soil water levels are below the(ideabers

et al., 2008) Intensive farming and grazing also affect the chemical properties of tH&iscgi

al., 2006) It is the combination of mammalian grazing and fertilizer application that consalida

the presence of nemative woody and herbaceousfiXers across the grasslands in New
Zealand, where herbivoresistant and nutriemiich plant species thrive in soils that suffered
alterations in their natural nutrient levels through fertilizer inf\italker et al., 2005)

Efforts to restore local vegetation by tackling biological thresholds alone (®amting
seedlings, or removing predators) might be unfruitful if environmental conditions no longer
support the reintroduction (or recolonization) of the original biMsalker et al., 2003b)
Significantly degraded sites normally require active restoration efforts that deal with both biotic
and abiotic thresholds. However, unfavorable physical conditions of the environment need to be
carefully analyzed and improved as they directly affect thectire of the communities by
controlling species assemblifigohnson & Miyanishi, 2008nd, consequently, influence any
restorative plan that involves manipulation of biological thresholds.efdrer, significantly
degraded sites generally require active consideration of soil ameliofldgoeghan et al., 28)

and improvements to the microclimate in order to reverse some abiotic thresholds and assist

regeneratiorfNepstad et al., 2004)
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22Restoration of New Zealandds Dryland Zone

New Zeal anddés dryland zone is the eastern int
coastal zone. The definitiors ibased on water availability (average annual water deficit and
average month water balance ratio) as a boundary limit. The indigenous dryland zone is covered
by grasslands dominated by species with tussock or bunch grass (Rbdats et al., 2005)

The two main types of tussock associatidrig)(jre 2-1) are floristically diverse and used to be

found from near sekevel to the alpine zon@godley, 1975) The talltussock grassland, found in

higher and wetter altitudes above the forest line, or above-sfssdck grassland, in drier areas

of the North and South Islands, is dominated by ananother of the larger species of srow

grass Chionochlog, whereas the shettissock grassland, usually dominated by species of
Festucaand Poga is mainly found in the drier and lower altitude parts of the South Island
(Godley, 1975) The dryland zone is one of the most altered native ecosystems in New Zealand
with only 30% of its original native vegetation area (¥ftalker et al., 2009a)The dryland zone

has been greatly modified since humans first settled. The previous vegetation cover (before
human arrival in about 750 BP) used to be dominated by trees and shrubs, and fire was periodic,
normally withn a 1,0001,500 year cycle(McGlone et al., 2001)Currently, the native
vegetation found in this zone (seral grasdland shrublands) is a result of fires and grazing used

by settlers for agriculture and pastoralism. This indigenous community is in fact anthropogenic

in origin (McGlone, 2001; Rogers et al., 2005) t hough it is regarded a:
vegetation cover(McGlone et al., 200land of conservation <concer
Department of Conservatioh DOC. Yet, little of thisland area is formally under protection

(only 1.9% is legally protected, Walker et. &009); therefore, many of its indigenous plants and

animals have become threatened or are at risk of extif&®myes et al., 2005)
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A —The most northerly group of dryland environments, with the most
variable rainfall, the least severe and latest frosts, the highest winter and
summer sclar radiation, and the highest mean annual temperature.

B — It is a relatively moist environment with infertile soils.

C—Typically comprising young, fine sediments, often poorly drained
substrates with saline chemical limitations to plant growth, low
atmospheric and soil moisture deficits.

D —The driest and sunniest dryland environment type, with the highest
atmospheric and soil moisture deficits and the highest average summer

solar radiation.

E —the highest elevation group of dryland environments, characterized by
high atmospheric moisture deficits.

F - Low temperatures and low solar radiation inputs.

G —Highly variable group of dryland environments, distinguished by high
elevation, severe frosts, low mean annuzal temperatures, low solar radiation
inputs and relatively consistent annual rainfall. Soil moisture deficits are
high, but atmospheric water deficits tend to be low.

H —These environments cover the steeply sloping foothills of the basins in
this region, and is characterized by low atmospheric water deficits, low
mean annual temperatures, low solar radiation inputs, and severe, early
winter frosts.

Figure2-1 Dryland zone distribution in New Zealand (Rogers e28l05).

Inthelastc1 50 vyear s, grasslands and shrubl ands i
Island dryland zoa have been perpetuated and succession onto the woody vegetation cover
recognized to have existed in graman times has been retarded by a combination of fire,
pastoral use and grazing by feral mamnf@¥erthy & Holdaway, 2002)Major environmental
problems were already being reported by 41#%0s that were affecting land produdiyvi
throughout the grassland@sd causing the destruction of native grass and shrub ecosystems
largely prompted by introducqaants and mamma(®icWethy et al., 2009)Declining land and

stock productivity as a consequence of the serious environmental degradation after decades of
burning, grazing and the presence of exotic spé€Biexking et al., 2002)riggered a change of

tenure of many pastoral and/or agricultural lands thate water placed within the public
conservation estate and managed by the Department of Conser{bok et al., 2009)
Subsequently, some of these abandoned farmlands were aggregated into the conservation
network, managed by government and Hgorernment groups, to function as restoration sites
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for the threatened dryland ecosystéBtandish et al., 2009)What was once regarded as
insufficiently pristine for ecological conservation is currently viewed to be important for
restoration of degraded ecosystems after conservationists star@dgtitat native plants were
recolonizing some of these abandoned farmlands (see reviewed articles by Queiroz et)al., 2014

2.2.1 Ecological Thresholds Preventing Restoration of the Dryland Zones

However, transitions fronexotic grassland to native woody communities do not always occur
without human interventiorfHobbs & Harris, 2001)Many of these lands that were once
covered by dryland woody vegetation have gone throughadation processes for decades that
have transformed their original environmental characteristics to the point that ecological
thresholds are now constraints to theesgablishment of the original plant spec{etbbs &

Norton, 1996; Holl et al., 2000; Hobbs & Harris, 2001; Standish et al., 2007; Hobbs et al., 2009;
Standish et al., 2009Many environmental factors have been raisedRbgers et al(2005)that

are considered as impediments to the ecological conservation and restoration of dryland
ecosystems in New Zealand. Although being of great conservation concern and threat, the
dryland zone in the South Island is still continuously burned aedyoazed. Additionally, areas

that could be used to help restore the vegetation, such as abandoned farmlands, are now
colonized by a rank growth of exotic grasses (eAgrostiscapillaris, Anthoxanthunodoratum

andHolcuslanatug and herbsHieraciumspp) (Rogers et al., 2005; Walker et al., 2009a)

Restoration efforts on previously farmadeas in the eastern New Zealand dryland zone are
extremely difficult because these areas are ptori@ological invasions due to the altered soil
physical and chemical conditiof¥esson et al., 2000; Walker et al., 2003b; Walker et al., 2005)
Although some pasture species are lost after abandonment, thaggoessive and competitive

ones dominate and outcompete native plant spédieQueen et al., 2006eventually replacing

them. Native woody vegetation cevery is also hindered by herbivory and fire, that have
contributed to a regime shift of former native grasses and shrubs to one dominated by invasive
plant speciefWalker et al., 2009b)Fire frequency is common in dryland areas, especially
during dry summers, and has a long history in this ecosystsuciated mainly with volcanic
eruptions and lightning strikgdcWethy et al., 2009)However, fire events have never been

sufficiently frequent or widespread in a dissected landscape to irestiiong selection for fire
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adapted traits in the floréMcGlone et al., 2001)Serotiny is limited to populationsf ahe
Myrtaceousshrub Leptospermunand is extremely lowHarris, 2002) and most native woody

and herbaceous species are-§emsitive(Bond et al., 2004)During the preEuropean era there

was a low diversity of nonative plants available to expldhe reduction of forest. European
burning, however, enhanced the spread of an imported pool eddaeted nomatives with
serotinous or heavily protected capsules (e.g., Hakea) and/or large seed bankdlge.g.,
europaeus Calluna vulgarig, and enhaced the opportunity for the expansion of numerous
ruderal nomnative species across the grasslg@taine et al., 2006)rhe presence of eko fire-
prone species, such as gorse and pine trees
natural susceptibility to fire and, combined with extensive farming practices, intensified the
naturally low soHwater content(McGlone, 2006) Low soilwater content is a natural
characteristic of arid and semiid ecosystems related to soil and climatic conditidhsan et

al., 2009), and already submits the vegetatiosdib water deficit during the dry sunanand
drought spells, causing vegetation dieb&€kree, 2003) In disturbed areas where there is a
dense grass sward, swihter deficit escalates because of the root mat of the grasses that can
quickly absorb any water content that reaches the (S&jdry et al., 2004) Low annual
precipitation in temperate grasslands makes the vegetation vulnerable to frost during the cold
seasongKorner, 1998; Inouye, 2000Winter frost can intensify the negative effects of low saill
moisture and cause mortality of native seeds and seedling, and be even more damaging to
restoration plantings due to exposure, as opposed to seedlings growing under dodestee
area(Bannister, 2003)

Restoration efforts on abandoned farmlands are also comstrainthe human induced nutrient
enrichment of soil. Native grasslands and trees in New Zealand occupied cold or wet, low
nutrientsupply ecosystems and few of the plant species were well suited for growth with high
nutrient supply. Nitrogeffixing plants, which are dependent on high phosphorus levels, are
uncommon in the native flora, and the few species that have this trait argreleuag and far

less competitive on the nutrienth soils associated with agricultural developm@@aine &

Lee, 2003) Consequently, exotic species now predominate over native plants on formerly
pastoral and agricultural lands in New ZealgMtcAlpine et al., 2009) Furthermore, New

Zealand plant species did not evolvethie presence of herbivores; hence, they are not resilient
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enough to overcome predation. Herbivory can curb native forest regeneration when seeds,
seedlings and adult plants are grazed at a faster rate than the plants can establish on the site
(Towns et al.,, 1997; Atkinson, 2006predation on native pollinators and seed dispersers
exacerbates seed limitatiq€lout & Hay, 1989)and restrains forest regeneration in New
Zealand even further. Thereforative seedlings used in restoration plans in the dryland zone of
New Zealand not only have tmmpete with invasive plasffor resources, but also cope with the
modified environmental condition&raine & Lee, 2003; Walker et al., 200%)d survive
predation by introduced mamma(siolland et al., 2002; King & Wilson, 2006)

2.3Managing Ecological Thresholds for Restoration Ptposes

Ecological succession spontaneously occurs in every ecosystem on a daily basis after certain
natural phenomena (e.g., hurricane, typhoon, etc.) cause disturbances in the biological
community. Secondary succession, on the other hand, is the temt@ivegetation recovery on
disturbed areas that were once vegetated but were converted to agricultural lands at some point,
and then abandond@&inegan, 1984)This phenomenon has been the focus of many researches
for decades and in different terrestrial ecosystems to try to understandibocesson happens

and the stages involved, so that the knowledge acquired could be applied to induce successional
processes in areas where forest regeneration does not take place spontdhieons|¥974;

Aweto, 181; Guariguata & Ostertag, 2001; Rovai et al., 2023loing so, restorationists have
realized that it is crucial to integrate in the restoration plan the ecological factors or thresholds
that were breached by the disturbance and are limiting secomsdaoession. Therefore,
restoration plans must include the management of anthropogenic niches to decrease the impact of
invaders and other ecological elements by actively seeding or planting native seedlings,
controlling/removing exotic species, and manggabiotic elements (e.g. soil compaction, water
deficit, or lack of tree canopy). Additionally, it is important to know the historic or past land use
practices in the area to have a more thorough understanding of the effects these practices might

havehadbn t he siteds current environment al condi
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2.4 Plant-Soil-Water Relations, Plant Physiology and Implications for Restoration

The structure and nature of soils are of relevant importance to vegetation communities
(Passioura, 19915o0ils, collectively with other environmehfactors, such as climate and water
availability, determine the type of vegetation that is formed on a particular landscape. The
organization and structure of vegetation communities vary according to the chemical and
physical properties of the soil, andyaenvironmental disturbance (e.g. deforestation, plowing, or
draining) directly impacts soil properties; consequently, affecting both plant growth and
community compositioiBurke et al., 1998; Kozlowski, 1999)

2.4.1 The Relationship between Soil Physical Properties and PlartaBéshment

Soil physical properties are directly linked to the growth and distribution of trees. Along with
climate, soil physical properties influence the development of plants; hence, the formation and
maintenance of an ecosystem through their effectssoil moisture regimes, aeration,
temperature profiles, soil chemistry, and the accumulation of organic rfiatener, 1995)It is

important for any ecosystem management to understand in wiyasoilgparticles respond to
environmental changes (engineering behavior) and how they are directly correlated to soil
texture, structure, porosity, and deginkley & Fisher, 2013) The texture of a solil is its
Afappearanceo or nAfeel o, and it depends on the
the range or distribution of those siZ&exter, 2004) The soil mechanics behaves according to

soil texture and grain size that is most abundant in the soil profile. Mineral soils are usually
grouped into three broad textural clas$esands, silts, andlaysi and the most important
differences in soil texture relate to the surface area of particles of different sf/gs Barticle

size wild@ determine soil t e xt ur-boldingi caplcity] mpor t

aeration, organic mattertemtion, and vegetation growf(Rendig & Taylor, 1989)

Soil texture determines soil struod) which basically depends on the size of the particles, how
they aggregate and form pore space (capillary space) within the soil horizon. Capillarity pore
spaces affect soil aeration, hence water movement through the soil profile and water availability
to plants(Kramer, 1995) Soil waterholding capacity, or the amount of water retained in a soll
after rain or irrigation, is also directly affected by the preeewf vegetation and soil
management of agricultural activiti€€hang et al., 2001)Infiltration rates in forest soils are
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greater than in agricultural opastoral soils with similar physical structure because a
heterogeneous vegetation cover (as opposed to monocultures) adds more soil organic matter and
promotes plentiful soil flora and fauna activity that influences pore vollieeez et al., 2011)
Deforestation, followedb y cul ti vati on and pastoral activit
of capillary pore spaces and increases its bulk defShyu et al., 2012)Soils with high bulk

density (or compacted soils) have lower sedter holding capacitgnd offer more resistance to

root penetration. They become less adequate for tree growth and present reduced aerobic
microbe and root activities, and may also develop puddled areas and stimulate anaerobic
conditions (Binkley & Fisher, 2013) On former agricultural lands, the addition of organic
matter into the soil or any other technique that can reducéw&ildensity, improve infiltration

and prevent puddlingAbdollahi et al, 2014)can be determinative for seedling establishment

and favorable ecological restoratifomic et al., 2008)

2.4.2 Soil Physical Characteristics and Soil Temperature

Soil temperature, similarly to air temperature, has a diurnal as well as a seasonal variation
pattern, and fluctuates in correspondence to climate and other variables, but it is often warmer
during the day and in the summer, and drops more quickly dtirengight or during the cold
seasongKramer, 1995) The importance of soil and air temperatures for plants is that these
factors are also responsible for evapospiration rates and seilater movement; consequently,

they influence the amount of water that is available to plaoiskart et al., 2013) The presence

of roots in the soil causes a rapid decrease in soil water around the roots and the soil may become
depleted of this resource during warm days wtienamount of water absorbed by transpiring
plants exceeds the amount of water that infiltrates the @®édcFall et al., 1990) As
temperatures cool down in the evening, this wdtgrleted root zone can be rewetted, and the
speed at which this takes pl aceKramepl®9pds on th

Water movement through the soil depends on evaporation rates from the surface of the soil and
absorption by the roots of transpiring plants. Capillary rise (or upward movemeatesfin the

soil) also depends il texture(Saxton & Rawls, 2006which tends to be more rapid in fine
textured soils than incarsetextured soils(Kramer, 1995) Vegetation cover influences soll

water movement by controlling evaporation rates. Under-aleloped canopies of forested
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areas, the solil surface is protected from direct solar radiation and from winds by the organic
layer, which has low thermal conductivity and moderates soil temperature fluctu&iioesal.,

2013) In the absence of forest canopy, topsoil temperature may be much higher than air
temperature because of the absence or reduced organic layer cover (Fisher and Binkley, 2013). In
cold climates, extremely low temperatures can cause frost to accumulate on the surface of the
soil. Forested areas buffer the soil from freezing temperatures, whilst in bare soils, freezing
generally occurs earlier and penetrates in deeper hor{Badamsuren & Hauck, 2008Even

the existence of few trees in an area can reduce extreme temperatures in the soil and plant

mortality by blocking cold or hot air currents higher above the grgBmkley & Fisher, 2013)

2.4.3 Soil Physical Properties and Soil Moisture Content

The formation and distributioaf vegetation around the world is related to climate patterns and
soil moisture. Solil type dictates soil wateslding capacity and, along with precipitation rates

and other climatic factors, largely influences soil moisture and the availability of wattarits
(Farmer et al., 2003)Soil moisture is also important for boiicrobes, and has a great influence

on soil temperature and aeratiinkley & Fisher,2013) The availability of soil water to

plants depends on its potential and on the hydraulic conductivity of théKsaiher, 1995;

Lockart et al., 2013)As water drains from the soil, macropores empty and water is present only

in capillary pores, which hold water together with strong negative potential and also retard the
flow of water(Horn & Smucler, 2005) Infiltration and water retention depend on soil texture.
Finetextured soils clay and silt- have a higher retention capacity for water than sands, and can
store larger amounts of water. However, fiagtured soils can lose their structunere easily

than sandy soils, and become compacted after mechanifgton et al., 1995)Any activity

that modifies vegetation cover and disturbs soil structure will have an influence on soil moisture
and, consequentl vy, on t he (Saxton & Rawls,a2p08)80ilt y t o
depth (rooting depth) and stoniness are other factors that influence soil moisture and the amount
of water that can be absorbed by plait&bb et al., 1993bPlants growing in shallow or stony

soils usually have poor overall plant development due to physical and hydraulic restrictions

common to this type of soil&ramer, 1995)
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Excess water can also be harmful to plants. Hypoxia/anoxia condition is detrimental for most
species of higher plants and their developniBnéw, 1997) Hypoxia is common in compacted

soils (Pfeifer et al., 2014and where theipper surface of the zone of saturation (water table) is
very close to the root zone of the pla(Nartapetian & Jackson, 1997lhe height of the water

table fluctuates le/een wet and dry periods, and a reasonably high water table is not necessarily
detrimental to plant growth as long as there is little fluctuation in its (@iekley & Fisher,

2013) Root anoxia will happen when the oxygen content of air in soils falls much below the
20% found in the atmosphere, and in compacted soils, the concentration of carbon daxide m
rise in extremely wet soils to 5% or 6% and oxygen levels may drop to 1 or 2% by volume; thus

considerably affecting plant surviv@ood & Paetkau, 1992)

2.5Environmental Stressors and Plant Physiology

Though ecological restaian is regarded as an important tool to repair environmental damages
caused by anthropogenic activiti@obson et al., 1997; Hobbs & Harris, 200the recovery of

the historic ecological state can be extremely difficult because of the loss of fundamental abiotic
and/or bioticfactors(Rogers et al., 2003hat were vital for the existence of the original biota. In

the previous pages, it was stated the relevance for restoration plans of having a comprehensive
knowledge of the asses of degradation and how particular environmental characteristics of the
present degraded condition are preventing the recovery of native vegetation on a site. Plant
survivorship, growth, as well as morphology (e.g. leaf size) and productivity ardydingoed

to the environmental conditions in which the organism is grofagrter et al., 20123nd such

data have long been used as an assessment of the success of restoration projects (Ruiz & Aide,
2005) Certain visial plant responses to environmental stressors, such as leaf necrosis, wilting
and shedding of leaves, can definitely provide an assured indication that plants are not in a
favorable environment. However, plants in these circumstances usually do not maavafter

some kind of site improvement is applig€allardy, 2008)and restoration efforts are

compromised.

Knowledge of plant physiological responses to environmental stress can be of great advantage
for restorationists, because yhare readily detectable by adequate equipment before any visual

symptoms are observabl€ooten & Snel, 1990)Therefore, physiological tools careld data
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at a temporal scale that enables decision making to occur during projects. They also enable
restorationists to reevaluate the progress of the project and make changes, modify environmental
conditions to help plants acclimatize and avoid or min@drawbackgCooke & Suski, 2008)

All the same, physiological parameters of individuals have received little attention in the context
of restoration, despite the fact that understanding how a systeks \iee., how biotic and

abiotic elements interact) is a prerequisite to effective conser(dimeMahon & Holl, 2001)

Physiology is the key response mechanisnkilng both organism and population to their
environment (t he comicetpdr yo f(Ricfigmitydd/iketsi, @093) / | i f e
Physiology can drive and constrain organismal responses to environmeasslrps, such as

those originated from disturbances and degradation, which ultimately structure ecosystems and
regul ate the organi smés performance, environr
new ecological condition&Spicer & Gaston, 2009Physiology is responsible for the fithess of

an organism(Feder et al., 2000and depends on both heritable and epistatic genetic variation
(Travis et al., 1999)Physiological responses of terredtrorganisms are largely affected by

biotic and abiotic features, such as light levels, water availability, and herbiMdsen &

Orcutt, 1996; Nelson et al., 2003; Ehleringer & Sandquist, 2@0®) early rggonses to stress

can make a difference as to whether an organism survives or pdbBshesert & Sheveleva,

1998) In plants, environmental stress triggers physiological ressothhat can be detected at the

leaf level, though the stimuli could have taken place in the leaf itself or in any other part of the
plant. As a consequence, all plant parts are integrated in defending the organism from the
stressor by producing hormonesdaenzymes that will regulate carbon assimilation and
allocation of photoassimilates to different parts of the p{Robrter, 1999)stop stem growth

and leaf poduction (Givnish, 2002) and delay or advance the phenological cycle in order to
survive under environmental stress and be able to resume activities in a more favorable period
(Chaves et al., 2003)

Two physiological techniques were selected to measure the responses of the restoration plantings
to the treatments implemented in this research: chlorophyll fluorescence (quaeldiror Y-

val ues) and car b &®). Theseophysiglogicalsneasorantentsr can agséss the
level of stress on plants caused by water availability, intense solar radiation and high

temperatures, for example. Therefore, it is expected that gigseological data will provide
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some insights on how the native woody tree species were coping with the current environmental
conditions of the sites and whether the type of ground and aboveground treatments caused some

kind of environmental amendment tiaeted as facilitator for seedling establishment.
2.5.1 Environmental Factors as Stressors

Plants, when under a stress force, may have part or all of their performance decreased below an
expected valu¢Kozlowski & Pallardy, 2002) Odum (1985)c onsi dered a str es:
syndrome that i nterrupts, restricts or accel e
Different environmental factors can become stressors to an individual plant and affect its
developmen (henceforth call ed Afstressedo) . Envi
development by impacting photosynthesis either by forcing plants to regulate stomatal
conductance or mesophyll photosynthetic capag@fiyzlowski & Pallardy, 1997) These are
called Ashort termo reactions to environment a
improve, the plantsra able to restore their photosynthetic capadiiou et al., 2014)If

stressors aregdquent and of long duration, however, ldegn morphological changes, such as

reduced stem growth, can oc¢Boorter, 1999)

Water availability

Water availabity directly influences photosynthesis. Low water supply reduces photosynthetic
rates by closing stomata, decreasing the efficiency of carbon fixation process, suppressing leaf
formation and expansion, and inducing leaf shedd®d et al., 1994; Chaves et al., 2002)
Leaves of trees growing in dry soil may not develop severe water deficits if the relative air
humidity is high. Conversely, when relative humidity is low, even thoughwsdiégr supply is

high, leaes still tend to dehydra{&ozlowski & Pallardy, 1997)Leaf water deficits depend on
relative rates of absorpticand transpiration, and not on absorption alone. Stomatal inhibition of
photosynthesis of plants in dry soil is not entirely traceable to leaf dehydration, but more closely
related to sowat er st atus than to | eaf waa dosurepsot ent i
directly influenced by soilvater level{Chaves et al., 2002; Golluscio & Oesterheld, 20Uk
stomata of plants may closefore the leaf loses its turgor completely due to the ability of roots

t o A s etwater deficgsoRlaints in dry environments, consequently, tend to present a more
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conservative water use attribute and the capacity to deguilate its photosyntheticapacity

and maintain wateleaf and CQ status (Morison, 1996; Ferrio et al., 2012nd avoid
dehydration. Xeric plant species can normally maintain photosynthesis at quite negative leaf
water pot en twatarllegels (leCrgase, cmraparedad niore mesic fglhorsowski &
Pallardy, 1997)

Photosynthetic capacity reduces as an effect of increased resistance diffG&on to the
chloroplasts. Temporary midday reductions in photosynthesis occur regularly and have often
been associated with stomatal closure, which limits; @®sorption by leaves. Effects of
prolonged drought on plants, however, may cause failure of stomata to reopendulyuaies

to the photosynthetic apparat{lsambers et al., 2008plong with morphological consequences

of such situatior{Caldwell et al., 1998)Drought is one of the most important factors that limit

growth of plants in any environme(ozlowski & Pallardy, 1997; Tyree, 20Q3)y having a
direct ef fect on plantsdé physi(Atkinoeg al.c2006; and 1
Cernusak et al., 2007; Boyden et al., 2008; Coopetaal., 2010; Cieraad et al., 2018)n the

ot her extreme, excess humidity also has negat
(Schluter & Crawford, 2001)In plants in anaerobic conditions, the leaves possess higher
metabolic activities in addition to photosynthetic carbon fixation, and species can either sustain
shoot elongation during anoxia, or survive the unfavorable lack.dfuDwithout having any

shoot growth(Barclay & Crawford, 1982)Excess water reduces g@bsorption by leaves and

may cause injuries to the photosynthetic apparatus and mechanism. In prolonged flooded
conditions, photosynthetic capacity is stieally reduced and leads to halting of leaf and stem

elongation, leaf injury and abscission and root atrophy and deterioféthiatowski, 2012)
Light

Solarradiation is fundamental for photosynthesis; therefore, light levels will induce or suppress
stomatal opening and, consequently, regulate photosynthesis according to irrfdemuz et

al., 2002) Photosynthesis normally suffers a reduction when plants are in shaded conditions
(Farguhar et al., 1989bDn the other hand, when plants are exposed to extreme light for long

periods of time, induction happeriddir et al., 2003) This phenomenon occurs when light

intensity increases and photosynthesis reaches a compensation point at which gas exchange
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between the leaves and the atmosphere is cancelled out due to the equal balance between
photosynthec CO; uptake and its release in respirati@rt, 2001) The light compensation

point varies with plant species, genotype, leaf type, leaf age,c@@entration of the air and
temperature, and type of environmdftacalaet al., 1996; Poorter, 1999As light levels
increase, so do temperatures, and plant respiration has to increase faster than photosynthesis to
compensate for the elevated £€@nsumption by the plant cel{€haves et al., 2002 he rate

of photosynthesis eventually becomes relatively constant when light saturation occurs. Plants
regulate their photosynthetic machinery as a photoprotection mechanism for when irradiances
are high and water availability isio(Chaves et al., 2002t has even been reported that, under
intense irradiance levels, plants devegulate photosynthesis and biomass productivity more

than necessaryOrt, 2001)to maintain water status in leaveand protect the plant from
photodamagéCatoni & Gratani, 2014)This physiological reaction to higkght, on the other
hand, can event ual |I(f#damsfllfeeat,2013)he pl ant 6s gr owt

Temperature Effects

Rising air temperature normally increases net photosynthesis up to a point where, if temperature
continues to increase, it starts declining quickly. For most tempsvai plant species,
photosythesis rate increases from near freezing temperatures to an optimum level between 15°C
and 25°C (Kozlowski et al., 1997). Most New Zealand native plants have low tolerance to
temperature extremeéWardle, 2002) with the high temperature optimum of 27°C for
assimilation and growth havingebn observed in kauri and various podocgipawkins &

Sweet, 1989)Air temperatures do not affect photosynthesis alone, but intergctintd light
intensity, soil temperature, water availability and preconditioning effects of environmental
factors(Pacala et al., 1996; Poorter, 1999; Chaves et al., 2B8&%pme temperatures can cause
tissue darage, affecting metabolic processes, and reducing photosyn{iesisch & Wise,

2000) hence, leading to reduction in biomass production and plant g{datig et al.,2005)
Longterm extreme temperatures may have serious effects on plant functioning because
photosynthesis tends to continue increasing, while respiration begins to decrease, when

temperatures are outside the normal range for the plant species. Whenatenag are high,
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photosynthesis is reduced because of stomatal closure as a consequence of increased water vapor
inside leaf cell§Kozlowski & Pallardy, 1997)

Damages to plant tissue and photosynthesis regulation can also take place when temperatures are
drastically reducedFitter & Hay, 2012) Fast reductions in temperature usually cause severe
damage to plant dea{Karpinski et al., 202). Many subtropical plants grow poorly or become
damaged at temperatures between 10°C and 20°C. For many common canopy tree species in
New Zealand, optimum temperature ranges for efficient photosynthetic rates are higher than the
common range for tenapate plant species (between 15°C and 25°C), which makes many
indigenous tree species more sensitive to low or-freazing temperaturgglawkins & Sweet,

1989; McGloneet al., 2001) Frost damage only occurs below 0°C, and is associated with
temperature effects on the photosynthetic machirfggzlowski & Pallardy, 1997) Low
temperatures impact the biochemical steps of photosynthesis (electron transport and activity of
the Calvin cycle) and lead to photoinhibition and photoxydati@zlowski & Pallardy, 2002)

As a defense mechanism, the plant can reduce its photosynthetic capacity and the quantum yield
of photosynthesis, as evidence of decline in chlorophyll fluores¢@rte2001) Photosynthesis

is affected by temperature chanigethe atmosphere as well as in the soil. Depending on how
long the plant roots are under either low or high soil temperaturesytéke is reduced due to
stomatal closure and nestomatal inhibition, leading to reduced photosynthetic efficiency and

reduwctions in photosynthes{&ozlowski & Pallardy, 1997)

2.6 Measuring of Stressi Chlorophyll Fluorescence Reading

Resboration projects stand higher chances of succeeding when they include in their planning as
much information about the degradation process itself, the ecological thresholds and
physiological plant responses to environmental chaf@eske & Suski, 2008)A technique
developed in the mid980s by (Bradbury & Baker, 1984)involved the biophysical
interpretation of pulsenodulated fluorescence that could be performed on the site without
destroying the plants and measure the level esstof a plant through the tradi# between
photosynthetic efficiency and photochemical reacti@lsause & Weis, 1991; Sanchez &
Quiles, 2006) Under normal light conditions, fully functional leaves in healthy plants react

similarly, with over half of the solar radiation being absdrbg photosystem II chlorophylls and
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redirected by a process that operates within the antenna ensemble of photosystem II, which
harmlessly discharges excess photon flux energy agNigagi, 1999; Horton & Ruban, 2005)
This thermal dissipation process (Apinotochemical quenching) of chlorophgkcited states

participates with fluorescence emigsias well as with photosynthe$@rt, 2001)

In the photosynthetic apparatus of plants, light is absorbed by the antenna pigments of the
photosystems | and Il, and a photexcited chlorophyll molecule moves to a higher energy state
(excited state). The excited lolophyll is extremely unstable and there are four possible
pathways for disposing of its energirause & Weis, 1991)The chlorophyll fluorescence
emission pathway is thenly process that will be discussed in this thesis. In this pathway, the
chlorophyll molecule returns to its ground state by emitting fluorescence, mostly through the
photosystem Il antenna (photosystem | only contributes arot2%d af the total fluorescee).
Hence, changes in this radiation reflect the state of photosys{&ralse & Weis, 1991)The
guantum yield of photosystem Il is obtained as a ratio of the vaflablescence emission (Fv)

and maximum fluorescence yield (Fm). This ratio (Fv/Fm) is an important and easily measurable
parameter of the physiological state of the photosynthetic apparatus in intact plan{Badkees

2008) The values of Fv/Fm in unstressed plants adapted to dark are in the range860750
Environmental factors, such as light, £€bncentration and temperature, as wsllcaemical
compounds (including some herbicides) affect photosynthesis and photosystem Il efficiency;
consequently affecting these Fv/Fm valfEsause & Weis, 1991)Environmental stressors
may force t he pl ant 6s photosynthetic machir
photoinhibition, thus causing damage to the photosynthetic centers (principally photosystem II)
(Sanchez & Quiles, 2®&), inactivation of photosynthetic enzymes, damage to the membrane of
chloroplasts and, consequently, to lea{esiz & Zeiger, 201Q)Genty et al. (1989ntroduced

an expression to calculate quantum yield of photochemical energy conversi&y(se®n3-3

in Chlorophyl Fluorescence Measuremesgction), which has been used on fluorometers to

obtain the yield parameter.
2.7Measuring Stress in Plants through Carbon Isotope Analys

Sustainable environmental policies require increasing knowledge of the direct effect of human

activities on the environment and of the subsequent response of plants and natural systems
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(O'Brien et al., 2006)Physiological studies, in this case, are a precise method to determine the
ways in which plants react to different environmental conditions and can provide vital
information on how to improve the current situatfonthe benefit of restoration proje¢tSooke

& Suski, 2008) The information obtained from physiological assays, however, is often limited
by sample size because time or technical resources aredlifb@mbers et al., 1998Although

these typs of studies often provide accurate data on instantaneous plant water status,
photosynthesis or transpiration rates, they are difficult to extrapolate over larger temporal and/or
spatial scalegFerrio et al., 2003)In this context, a timintegrated physiological indicator such

as car bon i) oftplan tssuesaatthough baded on more indirect assumptions, can
reflect longterm plant responses to different environmental conditions and st(esggs et al.,

1993)

For over a century there has been interest in understanding the relationships between water
consumption by plants and overall productivifernusak et al., 2013Ecologists have been
interested in how leaves of diffetespecies varied in these parameters, especially in response to
seasonal and geographical changes in moisture availability and how these responses influenced
both structural and physiological features of natural vegetéfierio et al., 203) From these

studies it became clear that there were substantial variation in the relationships between water
consumption and biomass production. Plants could then be divided into two distinct groups on
the basis of their water requirements for graw@3 and C4 plant§Farquhar et al., 1989b)

Today, field micrometeorological and physiological approaches are routinely combined in field
investigdions, and carbon isotope analysis has emerged as a means of spatially and temporally

integrating carbon and water relations paramdtasbour et al., 2007; Cernusak et al., 2013)

Water deficit is a common and widely spread experience for most plant comm(ietissen et
al., 1998; Sperry & Hacke, 2002; Nicholls, 200RB)ants g able to adjust the rate of water loss
by transpiration through regulation of stomatal apertbrgufe 2-2), which also affects the rate
of COz assimilation and, consequently, plant production and gr¢@het al., 1994; Meziane &
Shipley, 2001; Chaves et al., 2002; Padilla & Pugnaire, 2@t transpiration efficiency

(W), the ratio of dry matter produced to water used, is a crucial feature in determining

product vi t vy and probability of survivafCisCarbor
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negatively related to plant W in C3 planShleringer & Cooper, 1988)Trarspiration or
photosynthetic efficiency is dependent, in part, on the intercellular to atmospheric partial
pressure of Céxatio (p/pa), which is strongly influenced by the environment, and indirectly on
carbon isotopic discriminatiofFarquhar et al., 1982Fxperiments have shown linear negative
relationships between carbon isotopic ratio measured atevgtant dry matter and plant water

use efficiency in several plant species (for a review see Farquhar et al.,. X088&gquently, it

has been proposed that the analysis of carbon isotipcrimination, or carbon isotope
signature, may be used for assessing waderefficiency in ecophysiological studi@®gnetti et

al., 2000; Adiredjo et al., 2014; Scartazza et al., 2014)

12C02 13(:02
® 2C(H,0) ®C(H,0) 2C(H,0)
'2C(H,0) 3C(H,0)
Figure2-2Si mpl i fi ed scheme of the relati &&@Qstdip bet

stomatal conductance: (a) high stomatal conductance, low discrimination; (b) low stomatal
conductance, high discriminatig¢Rerrio et al., 2003)

Variability of Carbon Isotope Fractionation during Photosynthesis

Early surveys of the carbon isotope ratios of C3 and C4 plants fall into twoweslapping
categories. The C3-valges betweerspde cdBrdd, awhi hav €4 0 s |
fall between-9 a a-h €@ a. As at maaspahvelueioicaboGiO. 5 a , t he aver
fractionation inthe C3groupid 9a compabadf wrthhe C4 group. T |
isotope composition is related to the distinct metabolic pathways (C3, C4 and CAM @adts),

13CA%C ratio is negative if the carbon sample contains less of the heavy isbopéhan the
standard(Vogel et al., 1993) While isotope ratios of the two groups of pkatre related to

function and structure, the variation within each category is due to the influence of
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environmental factors on the kinetics of photosynth@sesquhar et al., 1989b)sotope ratio
measurements can thus be used for metabolic responses of plants to varying environmental
factors, especially in C3 plan{Berrio et al., 2003) V ar il isicaused by gendiic and
environmental factors that combine to influence gas exchange through morphological and
functional plant responses to landscape, altitude, soil moisture, irradiance, temperature, nitrogen
availability, salinity,and atmospheric CQconcentration(Diefendorf et al., 2010; Tezara et al.,
2010; Cernusak et al., 2013)
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3. Methods
3.1 Study Sites

3.1.1 Rank Grass Sites

The Rank Grass study sites comprise three trials: two in NorthemerBary (Tiromoana Bush

and The Willows Reserve) and one in the Mackenzie Basin (Dierickx Farm). All three areas
were former farmland and are currently characterized by a rank growth of exotic pasture species,
dominated by exotic grasses, clover and hembgse densities vary with saitoisture levels.

The study areas are within the range of the

similar climate patterns, as well as soil typ@see Appendi&oil Analyse}, although the

Dierickx Farm site is at higher elevation and colder climaigufe3-1).

Figure3-1 Location of the North Canterbury sites: Tiromoana Busth Bhe Willows Reserve.
Source: Esri, DeLorme, Mapmylndia, © OpenStreetMap contributors | Eagle, LINZ.
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- Tiromoana Bush

The trial set up in Tiromoana Bust#8.10° 172.85°, 400 ha) is located in a shallow valley at the
foot of aPinus radiataplantation foest, to the south, and another restoration planting to the
northeast. The study site is at 141 m above sea level (a.s.l.) and approximately 2.1 km from
Canterbury Regional Landfill ared&i@ure 3-2). The averageramual rainfall in the Northern
Canterbury region is around 600 mm, mainly in winter and spring, although averages can go as
high as 919 mnf{Henshaw, 2012)Typical summer daytime maximum air temperatures range
from 18°C to 26°C, but may rise to more than 30°C. Coastal North Canterbury experiences cool
northeasterly breezes, reducing temperatures in summer. Winters are cold and frosts occur
frequently. Typichwinter daytime maximum air temperatures range from 10°C to 1Bitftie

3-11). The soll is typically moist, especially during winter, but extremely low soil moisture can
also occur during the summer. TiromoanasBualso known as the Kate Valley Conservation
Management Area, is being managed for the conservation and restoration of degraded lowland
native shrubland and foreflorton, 2012) The region where Tiromoana Bush is located is
believed to have been covered by coastal broadleaved, mixed poeboradfeaved and black

beech forests in preuman times. Currentlyhe original native vegetation is confined to small
remnants on surrounding hills, with some patches of gully and riparian shrubland and
regenerating forest, as well as scattered shrubland on steep faces, tussocks on higher slopes and
wetland species inparian and seepage lands through Tiromoana Bush. The dominant vegetation
type is pasture, though some indigenous forest cover remains mostly compoksadzea
ericoides Exotic shrubs such as gorse are also present, and the species and density of exotic

grasses varies along the soil moisture gradi&nbafa, 2008)

Restoration efforts in Tiromoana Bush are restricted due to the presence of exotic plant species
within and in the surroundings of the conservation area boundaries. There are a number of exotic
grasses and forbs in the area: cocksf@atcfylis glomeraty Yorkshire fog Holcus lanaatuls
California thistle Cirsium arvenspand buttercupRanunculuspp.), the latter being an indicator
of high soil moisture(Nelms et al., 2007) Gorse {Ulex europaeus and broom Cytisus
scoparouy can also be found everywhere around TiromoarghBftom the valley bottoms, hill
sides and hill topgFigure 3-3). Additionally, grazing has not been entirely excluded from the
area. Although the site is fenced and domestic grazing animals excluded, sigogsohdrboy
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deer can still be found on native trees inside the reserve. Bush fires can also be a threat to

conservation and to restoration of the local native vegetation. The presence of pine trees and

hiking tracks in the vicinity increase the risks of matwr intentional fire ignition.

Figure3-2 Satellite image of Tiromoana Bush and surroundings, North Canterbury. Source: Esri,
DeLorme | DigitalGlobe, GeoEye, CNES/Airbus DS | Esri, HERE.
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Figure 3-3 Rank Grass study site in Tiromoana Bush. Top pictprer to trail set up, in

February2012. Bottom picture: trial being set up in OcteB8ed 2.
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