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Thesis outline

Invasive alen plants (IAP) can have negative impacts on native ecosystems and in prolonged invasions,

ecosystems can be transformed to a new alternative ecosystem state.

Clearing | AP (Apassived restoration) d o enstionn ot al
recovery, t herefore additional restoration measul
ecosystem on the trajectory of recovery. Active restoration is more resource intensive compared to
passive restoration. In some cases active n&gto may be justified singainsuccessful clearing may

lead to the wasting of resources throughnrasion or secondary invasionRestoring previously

invaded or degraded vegetatican bemotivated byusing improved nativebiodiversity, ecosystem

senicesor social benefitas incentivesTo ensure the effective and efficient allocation of limited IAP

control resources, some form of restoration prioritization is required aim of this study was thus to

developa framework toidentify areas in needfaactive restoration and toripritize areas for active

restoration. The framework was illustrated in an urban setting by using Cape Town as a case study.

In the first part of my thesis | developed two frameworks. Firatiyamework was developed to idiy

areas that may need active restoratRasults of this framework are illustrated in a nagticating areas

that would likely need active restoration. A second framework was developed to prioritize areas for
active restorationwith a map as an outeone, indicating priority areas foactive restorationBoth
frameworks were built using an approach called Matiteria Analysis, which is method to construct a
goal, combine stakeholder opinions and fad#itapatial restoration planning. Frameworksisisted of
different criteria and subriteriato identify and prioritize areas for active restoration such as the extent
and density ofrivasion,i nv a s i v ecosygteen émipacsnd conservation status of vegetation types
Criteria and sulzriteria were scored in terms of the#lative importanceelating toeffects on vegetation
recovery postlien clearing and prioritizing area¥he framework is simple to implemeiaind to
illustrate findings and can be applied spatialhd update if new informaion becomes availablét. can

also be applied at different scales aodlifferent ecosystems around the world; the importance of some

criteria might be altered according to the ecosystem dynamics

In the second part of my thesis | conducted a field stadystigating the impacts a@fivasions by two
different types of invaders: pines and acaces comparedheir impactson two different highly
threatened lowland fynbogegetation typesrThis study was also used to test the main assumptions made
for the framework to identify areas for active restoration, developed in the first part of the thesis.
Vegetation structure, composition and richness, and abiotic variables such as soil characteristics and litter
biomass were used as criteria to determine whetbesystems have been able to recover to a similar
level than an uninvadereference site poestearing Acacias changed abiotand bioticvariables after

two cycles of invasiorfand after one cycle of invasion in some casds)e lowland fynbos is res#int

up to three rotations of pine plantingineinvaded areas generally had higher restoration potential than

acaciainvaded areadn terms of vegetation structure, perennial species and guild riclauegsas more



negatively impacted invaded sitewhaeas pine plantations recovered better in comparison to the
reference site. Followp clearing generally promoted better ecosystem recovery in terms of overall
species richness and structure but care should be taken not to damage indigenous shrubs.

In corclusion, this gudy addressed two important aspects currently lackingestoration, firstly by
providing a framework for identifying and prioritizing areas for active restoration, to be used specifically
in spatiallAP managementThe two frameworks corger the multiple aspects involved in restorafion
namely biodiversity, ecosystem functioning and services, social and political aspects. Secondly, it is also
a multispecies approach, considering the main woody transformers in the frameworks, testing the
framework, and providing restoration recommendations for the two main lowland invadersradiata
andAcaciasaligna The overall outcomes of this study will serve as a tool for the City of Cape Town and

land managers to improwagetiverestoration effrts.



Opsomming

Uitheemsendringerplante kad megatiewe impak omheemseskosisteme hé&n langdurigendringing
kanekosistemeot 1 nuwe alternatieweaoestandransbrmeer.

Die verwydering van uitheemsedringers ( i p a s fierstehi® rde alyd genoeg ondie herstel van
inheemse planggoei en ekosisteerfunksioneringteweeg te bring nieBykomendemaatreél{f fa kd i e we
herste) kan nodig wees om die ekosisteameerop diepad naherstel teplaas Aktiewe herstelis meer
hulpbronintensief aspasiewe herstel In sommige gevallés aktiewe herstelegter geregverdigmdat
onsuksesvolleerwydering van uitheemse indringdnslpbronnekan verkwisindien dit bloottot henude

of sekondére idringing lei Verbeterdeinheemse biodiversiteitdoeltrefferde ekosisteemdienstef
maatskaplike voordele kan as aansporing diedigiherstelvan plantegroei wat voorheen aan indringing

of degradasie blootgestel wa@m te verseker dat dieperktehulpbronne virdie beheer van uitheemse
indringersdoeltreffenden doelmatig toegewysord, word én vorm van prioritiseringereis Die doel van
hiedie studie waslusom & raamwerk te ontwikkel orgebiede waar aktiewe herstel nodig is uit te wys
en te prioritisecerK aapst ad di en a s ie hepasgnganaierbaenwerkundnistedelikem d

omgewing te demonstreer

In die eerste deel van my tesis ontwikkel ek twee raamwerke. Eevstensrdraatwerk ontwikkebm
gebiedauit te wyswat dalk aktieweherstel vereisDie resultate vahierdie raamwerk word voosgtelop
& kaartwat dié gebiedeaandui.tn Tweede raamwenkord ontwikkel omgebiedevir aktieweherstel te
prioritiseer. Weereenswor d di e pr i or kaareaangeslg Albei reathwerkesvard nien
behulpvarb n b e n a d e r Nuitikyitergaantteding antvikkel. Dié benadering word gebruik ofn
doel vas te steldie menings varbelanghebbendes te kombineer en ruimtelieestebeplanningte
fasiliteer Die raamwerkeebruikverskillende kriteria en subkriteria ogebiede vir aktiewe herstel wé
wys en te prioritiseersoosdie omvangen digtheid van indririgg, indringerspesiese impak op die
ekosisteemen die bewaringstatus vahantsoorteTellings word aan dierkeria en subkriteridoegeken
op grond varhulle relatiewe belangir planegroeherstelnadie verwydering vaindringess, sowel as vir
gebiedsprioritiseringDie raamverke is eenvoudig om te imghenteey en bevindingeword maklik
geilustreer Dit kan ruimtelik toegepas ebhygewerkword namate nuwe dateskikbaatkom. Boonop
kan ditop veskillende skale en vekillende ekosistemeor die helewéreld toegepas worddie belang

van sekere kriterigan blootaangepas worda gelang van die ekosistegimamiek.

In die tweede deel van my tesiaderneem ekn veldstudie om diéndringinggsmpak van tweesoorte
indringerplante naamlikdenne en kesias, te ondersoekDie impak van diéwee spesies op twee hoogs
bedreigde plasbortein die laaglandynboggroepword ook vergelyk. Dieveldstudieword voortsgebruik

vir die toetsing vamie hoofaannamedndie raamwer&wat in dieeerste deel van die tesintwikkel is
Plantegroeistruktuursamestelling errykheid sowel asabiotiese veranderlikes soos grondeienskappe en

dooieplantbiomassavord gebruik as kriteria om vas te stel of elgdsite na die verwydering van

indringerstot op dieselfde vlakon herstebs6 n ver wysi ngsterrein waar geen



nie. Met akasias het diabiotieseen biotieseveranderlikesna twee indringingsiklusse(selfs na een
indringersiklus insommige gevalleyeranderterwyl laaglandynbos tot drie rotasies demaanplanting

kon weerstaanGebiede met ehneindringing beskik oor die algemeen oor sterker hepstEnsiaalas

dié met akasindringing Wat plantegroeistruktuurdie voorkoms vameerjarige plante erykheid aan
funsionelegroee betr ef , het akasias On groter ,mrendati ewe
denneplantasies beter herstel het in vergelyking aietverwysingsterreinOpvolgverwydering van
indringerplantehet oor @ algemeen beterkosisteemherstddevorder watspesieykheid en-struktuur

betref,maar éar moewersigtig te werk gegaan woain nie inheemse rstike te beskadig nie.

Die navorsing vir hierdie tesis vulwee belangrikdeemtes in huidige herstelaksidserstensword
raamwerkevoorsienom gebiedevir aktiewe herstel uit te wysen te prioritiseerwat bepaald vir die
ruimtelike bestuur van uitheemse indringerplante gebruik kan .wbiel twee raamwerkeneemdie
veelvuldigeaspekte van herstal ag, naamk biodiversiteit, ekosisteemfunksionering -elienste, sowel
as maatskaplikeen politikke aspekte. Tweedensi ed di e maltispesieenadegnowét rdie
vernaamstenoutagtige transformatorspesigsdie raamwerke bestudeer, die raamwerke toets,aen d
aanbevelings doen oor herstel na indringing deur die vernaamste twee laadtargers,Pinus radiata
en Acacia salignaDie algehele uitkomste van die studien asé instrumentvir die Stadkaapstad en

grondoestuurders oraktiewe herstglogings teverbeter.
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Chapter 1: Introduction

1.1 Rationale

Invasivealien plants (IAP can impact ecosystems negatively and in some extreme cases ecosystems can
becometransformedvan Andel and Aronson, 20123outh Africa has a comprehensive invasive species
control programme, the Working for Water programme (WfW). It is a natiopadgranme sponsored by

the government, private and international organizations. The WfW proggafears large areas of land

of invasive alien vegetation, especially along waterways and in water catchment areas using mechanical,
chemical and biological crol measures. The program is unique in the sense that it also provides
employment and training to local communit{&an Wilgen et al., 1998; Koenig, 2009)he success of

the programmelies in the fact that itonsiderghe ecological, social, economic and hydrological aspects
of invasiongRichardson and Van Wilgen, 2004AP control has previously been done opportunistically
and with the main goal to improve water quantity and quality and ensure remoManobiamass;
whereas little attention was given to ensure or promote recovery of native veg@tatjue et al., 2008)

The recovery of ecosystems (including native vegetation) is initiatedfaailitated by restoration
interventions The aim of restoration is for ecosystems to recover structurally and functionally to a state
similar to before invasiongBradshaw, 1983)There are two types of restoration. Firsthassive
restoration is the removal tie stressor, ithis exampleclearing IAPand limiting their regeneratiofie

Maitre et al., 2011)The recovery of a native specigsminated functional ecosystem is however not
always realised D 6ténio and Meyerson, 2002; Hulme, 2006; Reid et al., 2009he recovery of
native vegetation postlearing is slow or unlikely, additional restoration is nee¢exh Andel and
Aronson, 2012)Any additional restoration is termedtive restoration. Active restoration is, however,
more resource intensive compared to passive restoratibwiaen restoring invaded areas, some form of

prioritization is required in order to use limited resources effectively and efficiently.

1.2 Knowledge Gap

Numerous studies have prioritized areas and species that should be targeted for alien vegetation contro
(Nel et al., 2004; van Wilgen et al., 2008) exampleForsyth et al. (2012)ecently prioritized invasive

plant species for control ithe Cape Townmunicipal areaAdditionally, a comprehensive protocol was
described for restoration actions in the Cape Floristic Region, but this does not include a prioritization
protocol for restoratioffHolmes and Richardson, 199%)jore recent work on restoration potential post

alien clearing has produced insights into ecosystem resilience and barriers to regiratison et al.,

2007; Gaertner et al.,, 2012afonceptual models and theoretical frameworks have been developed
(Holmes and Richardson, 1999; Gaertner et al., 2012b; Zhao et al., R1Bave so far not been
applied. There have been studies on restoration prioritization, but them@ umiversally accepted

method. A common flaw in many restoration prioritization actions is that a clear goal does not precede



and guide the objectives and values of operations and often the wrong components are included to

achieve the godBeechie et al., 2008; Richardson and Gaertner, 2013)

1.3 Problem Statement

| have identified two main gaps ingHiterature: firstly selecting areas for restoration have for instance
been done for reforestatidikettle, 2012; Knowles, 2012)species habitat restoratigBeechie et al.,
2008)and restoration after land transformation due to agricu{f@ressman and Bryan, 200®ut there

is currently no protocol to distinguish between areas needing passive or active restoration and how to
prioritize areasinvaded by alien plantfor restoration. Secondly, previous restoration prioritization
usually focusd on single or limitel aspectgEsler et al., 2008)for example oly consideringeconomic
aspectsaand not considering social and ecosystem service berigfittetermining restoration priorities.
However, in somesituations, the biodiversity or ecosystem service significance of areas should be
included, since those aspects might outweigh finandiaéyow priority areaswith their lower economic
priority (Gaertner et al., 2012c; Crookes et al., 2013)

1.4 Research Aim
The overall aim of my studwasto develop, illustrate and test a framework to distinguish between areas
in need of active restorati in the City of Cape Town and to prioritize areas for restoration at a city scale.

Objectives
1 To develop and illustrate a framework to identify areas in need of active restoration.
1 To develop a framework to prioritize areas for active restorationsidering multiple aspects
involved in restoration prioritization
1 Totest assumptions developed in the frameworkShapter 3 by investigating the potential for
passive recovery pastearing oftwo different invasive transformer trees, namely acacias and

pines through a sitescale fieldstudy

1.5 Brief Chapter Overview
This thesis comprises of a literature review and two research chapters, which are presented in the form of

manuscripts to be submitted to scientific journals.

Firstly, the important concéprelating torestoratiorare reviewed, followed by discussion omwhy it is
important to consider whether areas cleared of invasive transformer species would recover after clearing
(passive) or whether further active restoration would be requedonlly, ways ofhow to go about
prioritizing areas for active restoraticare explored. Finally, the fields of restoration ecology and
invasion biologyare discussed with specific emphasis fynbos shrubland which is the main focus of

this study(Chapter 2)

In Chapter3 of this study, a framework was developed to identify areastagineed active restoration.
The framework is illustrated at a city scale, using the City of Cape Town as a case study. Maps were

produced indicating areas that would likely deetive restoration. A second framework was developed
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to prioritize areas for active restoration. The basic frameworks were developed during two workshops.
The workshops drew from the experience and expert opinions of invited stakeholders on the rapacts t
woody alien transformer species have on fynbos regeneration abilityttenctriteria requiredto justify

prioritizing areas for active restoration. For each of the criteriacetdria (such asinder &6i nvasi
h i s t densitydof invasion and duratioof invasion/no of fire cycles since dense invasion) were
identified and their relative importanaEoredin terms ofeffects onvegetation recovery posiien

clearing and prioritizing areas for active restoration. A map was produced as an outcoraéingndic

priority areas for active restoration in Cape Town.

Chapter4 aimed totest some of the assumptions made in chapter 3 aimdoton alien management
practices by investigating the impact of invasionsvey different types of invadergines and acé&s

on highly threatened lowlanfynbos ecosystems and the potential for passive recoverycesting.
Vegetation structure, composition and richness, and abiotic variables such as soil characteristics and litter
biomass were used as criteria to detaamivhether ecosystems have been able to recover to a similar
level than an uninvaded reference site pbsaring. The impacts of acacia and pine invasion were also
compared to each other.

Finally, | provide a synthesis of what the results of the workered in the two research chapters add to

our knowledge of restoration post alien clearing (Chapter 5).
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Chapter 2: Literature review

The ease of longistance travel among aeas purposefully or unintentionally introducing alien
plants into new areagRichardson and \fa Wilgen, 2004; Mooney, 2005; Vallejo et al., 2012)
Invasive alien plants (IAP) are of concern since they can change and negatively alter species
composition, ecosystem structure and ecosystem functi¢Warg Wilgen et al., 1998; Richardson et

al., 2000; Mooney, 2005; Brownlie and Botha, 2009; Pejchar and Mooney, 2009; Vila et al., 2009;
Gaertner et al., 2012a; Handel et al., 20118)South Africa, the number of naturalized alien invasive
specieexceeds 600 according to the Southern African Plant Invaders Atlas (SAPIA) and 379 species
are listed invaders in the National Environmental Management: Biodiversity Act 2014 Invasive
Species Regulations.

The negative impacts of IAP can lead to econdossegPimentel et al., 2001)he realization that

it is more coseffective to remove IAP and restore natural ecosystem functioning, than it is to source
alternative ecosystem goods and services, led to the development of prevention strategies against
introducing new species, controlling current invasions and developing supporting management plans
and legislatior(Van Wilgen et al., 1998; van Wilgen et al., 2012)

Managing IAP mostly includes manual clear. Simply removing the dominant invader is sometimes

not sufficient to address negative impacts that the species have on the ecosystem, such as altering soll
conditions, or suppressing and eliminating native vegetation: additional restoration is hHence of
neededCrossmarand Bryan, 2006; Esler et al., 2008; Reid et al., 2009; Gaertner et al., 2012b; Ma et
al., 2013) Restoration is aimed at speeding up the process of the recovery of ecosystems to an
improved state concerning the vegetation structure, ecosystem functianithgcommunity
composition( D6 Ant oni o and Meyer son, Redaliod actiohs canbassistc h i e
to control invasive alien spesieand restore native vegetati@iiolmes et al., 2008; Gaertner et al.,
2012c) Passiverestoration refers to removing the cause of habitat degradation, in this case invasive
alien vegetation, then leaving the ecosystem to-rephir, whereasactive restoration includes
additional measures such asimgoducing native speciefAllen, 1995) and treating the altered

physical processes, along with the biological procedsmsgway and Ludwig, 2012)

Restoration is labotintensive and expensive. The cost of active restoration and associated activities
can be prohibitive to some land owners; on the other hand, unsutaeafing may lead to the
wasting of resources throughirezasion or secondary invasio(idilderbrand et al., 2005; Holmes et

al., 2008;Le Maitre et al., 2011)n some situations expenditure on restoration can reduce the long
term costs of IAP control by improving the efficiency of control while restoring the ecosyséem
Maitre et al., 2011)



In general, resources for conservation and IAP control are liff@eassman and Bryan, 2008hd
managers must prioritize their actions in order to achieve their goals most efficiently and effectively
(Aronson et al., 2007; Rew et al., 2007; Skurski, 2012; van Wilgen et aR). Zdssive restoration

usually requires the least amount of resources and areas only requiring passive restoration have the
highest feasibility to restore natural vegetation and ecosystem functioning. Therefore one restoration
strategy is to select areasth potential for passive restoration fit@eechie et al., 2008)ntil the

budget is depleted or until all areas are controlled; selection will then move on to successive active
restoration categories that require more resources. Therefore, those areas that do need active
restoration should be identified.

2.2 Restoration

2.2.1 General concepts

Ecological restoration is based on the theory and science of restoration eBotmtghaw (19833nd

Cairns (1988)were pioneers in this field which has grown over the last 30 years. Many times
degradation and restoration studies are site specific, but ecological theories and conceptual models
should beincorporated into a broad framework that can guide practitioners in ecological restoration
decisions, as done li§ing and Hobbs (2006)

Whisenant (1999)made the distinction between two approaches to restoration: firstly a structural
approach and secondly a functionapagach. Which approach is chosen, depends on the desired
outcome but also the current state of the ecosystem. The structural approach focusses on the static
patterns of the ecosystem, restoring the ecosystem structural components, such as planting guilds
missing due to degradation, to resemble an undisturbed state. This approach does not take into
account the underlying dynamics and processes in the degraded ecosystem and some uncertainty will
be created about the persistence of structural success. Thierfahapproach however, takes into
account the dynamic nature of ecosystems and the processes changed during de@adatlmerg
(2001)for example, places much emphasis on restoring the natural progasisgcosystemsn the
trajectory of restoration to maintagcosystem functioning and biodiversity. Restoration using this
approach takes more timé&tfomberg 2001)ut in the long term could lead to a des®an

uncertainty of restoration success.

Another distinction can be made, between biotic and abiotic components of the ecosystem and
approaches to restoration. A combination of biotic/abiotic and either structural or functional can exist,

e.g. biotic stuctural component. As the degradation continues, both biotic and abiotic structural and

functional components are affected, with biotic structural changes occurring first, followed by either

biotic functional or abiotic structural changes. Lastly, theeswé& abiotic functional changes can

occur. Abiotic components can affect biotic components and vice versa and structural components can



influence functional components and vice versa (i.eenfercing feedback loops are established)

(King and Hobbs, 2006Restoration implications for different components are discussed below.

Once one has established which aspect to restore (e.g. structural/functiadogttabiotic), the next

step is to decide how to approach restoration given the different ideas mentioned above. This is well
illustrated in the threshold model. Restoration is challenging if the ecosystem has crossed one or more
thresholds of degradatiofHobbs et al., 2006)Changes in vegetation dynamics can lead to the
crossing of continuous and reversible thresholds while catastrophic events, mudtynibasces or
ongoing disturbance can lead to the crossing of a discontinuous thr¢Bhniskk et al., 2005)
Continuous and revsible thresholds do not lead to a change to an alternative ecosystem state and
with some input, ecosystems can be restored but once an irreversible threshold has been crossed, the
ecosystem will change to an alternative ecosystem state which is diffimlibften impossible to
reverse(Briske et al., 2005)Thus after the crossing of several thresholds, including an irreversible
threshold, ecosystems can shift to a new alternative stable(Btégke et al., 2005)The ecosystem
processes that are changed arad sad to ecosystem transitions, should be restored in order to return

to previous more desirable sta{&ringham et al., 2003As the ecosystem moves from one state to

the next, theamount of resources needed to restore native vegetation incrgddeses and
Richardson, 1999; Gaertner et aD12a) At some stage, the resources required would be prohibitive.
Where biotic structure and function is desired, abiotic processes need to be fun¢omnggipam et

al., 2003) Thuws restoring the abiotic processes is critical to restoration and ecosystem functioning
(Stringham et al., 2003)n some instances abiotic processes are still functioning, meaning rdatoge
biotic recovery is still possible; in other instances some input is necessary to achieve ecosystem
recovery (Whisenant, 1999; Archertel., 2001; Stringham et al., 2003; Gaertner et al., 2012a)
Determining whether processes have been changed is however difficult, requiring data ranging over
large time and spatial scales, and from different levels of degrad&tiangham et al., 2003fFrom

these key ideas, one should carefully consider and choose restoration strategies that will benefit both
the biotic (e.g. plant interactions, dispersal, pollination and soil migamisms) and abiotic processes

(e.g. hydrology, soil nutrients and stability) simultaneously in order to put the ecosystem on the
trajectory of recovery. One should also keep the feedbacks between biotic and abiotic processes in
mind (King and Hobbs, 2006)Ecosystem feedbacks (e.g. higher nutrient levels will lead to more
invader biomass) rmforce themselves and can lead to further dominance of irvé@aertner et al

2012a)

2.2.2 Restoration post invasive species control

Conservation is focused on preventing damage to ecosystems, where ecological restoration aims to
repair damage caused by disturbances such as(\fAR Andel and Aronson, 2012fonserving

natural areas by itself is consideriedufficient to achieve conservation targets in our highly altered

and transformed environmerf¥oung, 2000) Additionally, implementing invasive alien species
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management to curb alien invasions and ecosystem transformations can be challenged- by socio
economic impacts that influence every stifack et al., 200Q)e.g. conflicts of interest over invasive

alien species removal and budget allocation. Thus, conservation and restoration shonkidesecb
together. Ecological restoration aims to restore and protect the natural environment including
biodiversity and the goods and services ecosystems prégidason et al., 2006, 2007, 2010)
Components that should be considededing restoration are: ecological, social, cultural, economic,
political and legislative(Jackson et al., 1995; Aronson, 2010jhe involvement of multiple
disciplines means intgrofessional cooperation as well as partnership and communication are
essential, including local nonprofessiorsthkeholders. Communication and negotiation is crucial
since some stakeholders see restoration as a waste of resources (financial, social and(y@aliical)
Andel and Aronson, 2012priorities, ideas and criteria will however change over {Wan Andel

and Aronson, 2012)influenced by dynamical soe@conomiccomponents of societies, such as
changes in peopleds ideas, needs, desires, opini

2.2.3 Prioritization

The aim of IAP management is to reduce their impacts, eradicate or reduce their extent or contain
them. Geaerally, the need for IAP management is recognized but how to achieve this is mostly
debatedThe reality is that conservation managers still need to implement restoration measures with
limited budgets over large areas that require a variety of treatrfieantieerAllie et al., 2004) The

need to poritize IAP for management has therefore long been recogriagdschick et al. (2012)

for example developed a species based approach to prioritize limited funding applications. They
recognize the need to consider economy, environment and societakspher@rgue that the species

that impact these aspects the most should receive most funding.

Part of restoration planning will have to include prioritizing restoration efforts to make the most
efficient use of resources. Prioritization of areas for ratittn can be done according to
6desirabilityéd, which is a subjective method of
this e.g. restoring areas requiring most benefit for least amount of (ifgley and Gaddis, 20Q7)

There is an abundance of literature on restoration activities but less so that considers the economic
implications of these; this makes it hard to perform a dmstefit analysis of restoration activities
(Figueroa, 2007)Even though pass restoration requires lower expenditure when compared to
active restoration, the additional cost of active restoration might be offset by the gain in ecosystem
goods and service@-arley and Gaddis, 20Q7Payments for ecosystem services (PES) has been
proposed in cases where a decline in ecosystem services (such as water quality and supply) can be
used to motivate expenditure on restoraffdarpie et al., 2008; Crookes et al., 201Quantifying

social benefit from ecosystegoods and services, in order to calculate economic factors and cost

benefit is difficult(Figueroa, 2007)Many studies havleowever found many social benefits linked to



ecosystem good and services, for exangdadifer et al. (2015)ives a review on the benefits of

ecosystem services to human health and-beitg.

Additionally prioritization can be done using ecosystem services, biodiversity or social benefits,
without placing a quantitative monetary value on benefsstoration can be promoted as an
investment in the future by maintaining and improving important ecarsiyservices such as water
provision (Aronson et al., 2007; Handel et al., 201S8pcial and economibenefits and outcomes

from implementing restoration progranmelude opportunities for job creation and skills training and
income from improved vegetation structure and functionleusourced from tourism and, the cut
flower industry(Vromans éal., 2010) Biodiversity benefits of restoration activities include improved
conservation status of Red List threatened species and plant and animal communities with similar

structure and functions as its prevasion statéSimbeloff et al., 2011)

One can use certain criteria to identify and prioritize areas for active restoration such as: the extent
and density of invasion, ease of control of specieshigtory characteristics and ecosystem impacts.
Different stakeholdershould be included since there may be some conflict of interest e.g. In South
Africa invasive Australian acacia species can have strong ecosystem impacts but are also known to
have certain benefits such as providing fuel and tinfldét et al., 2001) By including stakeholders

these conflicts of interest can be addreg&Lange et al., 2012; Forsyth et al., 201Mpre recent
attempts have been made to score overall species impact and also incorporates stakeholder
involvement. Some prioritization schemes for species that considers conflict of interest can be time
and resource consumirfobertson et al., 2003; Rodpascual et al., 2010; De Lange et al., 2012;
Forsyth et al.,, 2012)Through the proposed method used in this study, both social and scientific

values are incorporated.

Multi -Criteria Analysis

Different restoration options exié¥an Andel and Aronson, 2012k well as different opions, and

setting clear management goals is important because this will determine the restoration option chosen
and can incorporate different stakeholder views. One can then plan management actions based on the
predetermined goals and objectives set by ettaklers. Decisions concerning restoration and
conservation actions are spatially orientgfeduget et al., 2003)nd Le Maitre et al. (2011) proposes

using spatial mapping for prioritizing areas for restoration, which will in turn motivate allocation of
funding. This makes the identification of restoratipriorities more credible and ensures that
biodiversity benefits from these efforfRouget et al., 2003)T'he method chosen to incorporate the
different goals and opinions in a clear and simple way in this thesis is called: Analytical hierarchical
process (AHP), a multriteria approach (MCA{(Saaty, 1990Q)
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It is imperative that science informs practice and this study aims to inform alien management
practices by investigating the impact that alien invasions have on ecosystems and the potential for
passive recovery, based on experiences and knowledge of expertsfigldhef restoration and
invasion ecology.Records of success of management operation are usually not available, and
managers often rely on personal knowledge and experi@PagkerAllie et al., 2004) The
information on restoration attempts is scarce due to the lack of clear criteria to judggsescand no
monitoring to produce quantitative data (although there are limited recent efforts to collate restoration
data) (Suding, 2011) The MCA approach was chosen, to capitalize on personal information, not
necessarily captured on rec@RhrkerAllie et al., 2004)

The process starts by setting out thebpgm and then stating a goal and dividing the problem into
different levels of criteria and stdviteria to meet the goathus constructing the framewofArroyo

et al., 2015) Criteria are the main factors of the AHP framework to consider and indicators (in the
form of spatial data}can be used as a parameter of the crit€@@esi et al.,, 2011) Pairwise
comparisons are then done in each level of criteria to establish relative importance or priorities among
criteria(Arroyo et al., 2015)Consistency of pairwise comparisons is checked by doing a consistency
test (Ishizaka andLabib, 2009) by calculating the consistency ratfArroyo et al., 2015) After

pairwise comparisons are made and consistency of the judgements checked, weights are derived by
using the eigenvalue meth@ahizaka and Labib, 2009 calculate and eigenvalue vector. Tlsisn

turn used to derive a weight for eac¢Aroyczetal.t eri a,
2015) Criteria are weighted according to their relative importance by stakeholders through the
pairwise comparison procefidollot and Bilby, 2008)and weights are based on restoration goals set

out initially (Crossman and Bryan, 2006%oftware such as Expert Choice Software and Super
Decisions Software can be used to facilitate thekirey and pairwise comparison procéBbsrsyth

and Le Maitre, 2011; Forsyth et al., 201Robustness of the model can be tested by performing
sensitivity analysis. Sensitivity analysis changes the model input to observe how the results change
(Ishizaka and Labib, 2009)

The AHP can effectively incorporate different stakeholder views and support a large number of
alternative optiongo compare options during decision makifialczewski, 1999; Forsyth et al.,

2011; Orsi et al., 2011)A multi-criteria appoach can be used in conjunction with geographic
information system (GIS) and georeferenced data, making spatial decisions p@sghleand
Geneletti, 2010Q) Indicators for criteria or subriteria can be mapped and combined using GIS,
usually illustratedas a prioritization map. The use of GIS in restoration planning is much more
efficient than manual mapping and can combine data at a landscape scale, using many, big data sets

from many sourcefl_ee et al., 2002)

A limitation to this approach is that results are only as good as the quality diFdasaith, 2013)
Quality of data is importarto make distinctions between alternative opti@farsyth, 2013) Data
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guality is especially important for criteria with highest weigtiersyth, 2013)playing the biggest

role to determine which areas are selected and prioritized for restoration. &rtaghyis, that as new

data are made available and understanding improves, rankings and weights can be adjusted and
criteria can be added or removed. Following this approach can make the prioritization process
defensible in that the method of deriving pities is transparentForsyth, 2013) The process is
participatory and transparent where decisions are discussed until consensus is reached, and results
debated and discussed to everyoneobd6s understandi
aliencontrol are mostly in agreement and get to be part of deci@ansyth, 2013)It has also been

found to be a flexible way to prioritize areas for invasive species manag@yielaen and Fei, 2015)

2.3 Study Area

Over the reent years, there has been a shift in how people view nature in urban environments. Nature
was thought to be separate from the urban environment but now there is a realization that natural open
spaces can provide valuable services to pedfdadel et al., 20130nly recently has attention been
given to the species composition and quality of these ér&awdel et al., 2013)Deciding where to
restore eosystems invaded by IAP in an exdranging urban environment is difficult. In Cape Town

a shift in paradigm is occurring: invasive species control and restoration are perceived as vital to
ensure the sustainable provision of ecosystem services andvatioseof biodiversity in this unique

area of the Cape Floristic Region (CHRyossman and Bryan, 2006; van Wilgen et al., 2012; Ma et

a., 2013) Restoring green areas will benefit the inhabitants by providing them with ecosystem goods
and servicegTongway and Ludwig2012) Valuable services from healthy ecosystems in the city
include water provision, filtering the air, reducing noise, draining rain and attenuating overland flow,
regulating the micralimate, coastal protection, increasing property values and adfudeltural

services, including recreatigBolund and Hunhammar, 1999; Costanza et al., 2006)

The study encompassed terrizgtareas within the borders of the City of Cape Town, an area
covering 2,460 ki of urban and rural land, and the adjacent Stellenbosch and Drakenstein
Municipality in the Western Cape, South Africa. The fynbos vegetation in this area is not only of high
biodiversity importance but also of high economic valersyth et al., 2012)For example, fynbos
catchments provide clean water, rangelands for livestock production (in the renodqiicerefgr et

al., 1999), food and income from cut wildflowers and tourism opportun{titsssan, 2003; Turpie et

al., 2003) Natural fynbos areas are also important in terms of the infiltration, ¢aalétyprovision of
groundwate( O OrElleet al., 2012) The economic benefit from the environment in the City of Cape

Town ranges between F&billion annually(De Wit et al., 2009)

The area has a Mediterranggpe climate and the vegetation is prone to fire. Vegetation is fire
depenént for regeneration and maintaining vegetation structure and biodiv@rsggr and Moll,

1993; Ruwanza, 2009)Vegetation in the CFR is primarily shrubland, with fynbos vegetation
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occurring on nutrient poor soils and renosterveld on soils with higher mugriailability (Specht et

al., 1983; van Wilgen et al., 2012yynbos is renowned for having high levels of endemism and
diversity (van Wilgen et al., 2012Dominant growth forms include proteoids, ericoids, restioids and
geophytes(Cowling et al., 1996a)Fynbos vegetation has a relatively low biomass and water
requirementgLe Maitre et al., 2009)which is in contrast to invasive alien trees that have larger
biomass and higher evapotranspirationg@hamier et al., 2012Jynbos is mostly invaded by trees
and shrubs with the most dominant genera bBings(pines), Acacia(wattles) andHakea(shrubs in

the family Proteacead)-orsyth et al., 2012)This study will focus on the dominant invader shrubs
and trees from the genePanus (pines), andAcacia(wattles) and to a lesser extétdikea(shrubs in

the family Proteaceae) aftlicalyptuggums).

2.4 Study Organisms

Invasivealien trees in South Africa are paelapted to the climatic conditions, are competitive with
native vegetatiorfLe Maitre et al., 2000and are especially agblem in riparian areas, where they
use excessive amounts of water compared to native vegetation, like fiviiras et al., 1999)

2.4.1Acacia

Australian acacias are leguminous species that fix atmospheric nitrogen which can lead to a change in
soil N-cycling (Yelenik et al., 2004) Even the clearing of these invasiaden trees can cause
disturbances leading to changes in nutrient cyc{Migousek and Melillo, 1979; Jovanovic et al.,
2008)due to changes in rates of mineralization, soil microorganisms, microclimatehsnilstry,-
processes angbroperties. Plant available il added to the system through microlgiasisted fixation

and is then cycled in the system through plant uptake, litter production, mineralization, adsorption and
desorption (Jovanovic et al., 2008)Nitrogen can be lost or reduced in the system through
volatilization of ammonium, runoff and leaching, removing plant biomass amitrification
(Jovanovic et al., 2008Nitrogen can also be leached into grdwater, negatively influencing water
quality (Jovanovic et al., 2008For exanple, Australian acacias can fix N, releasing ug.t®7.4 kg

of N per 0.1 hectare/year. The biggest challenge of acacias is that the increase in soil fertility leads to
a positive feedback loop, further facilitating acacia establishment, increase idaabenand
dominancgGaertner et al., 2012aJhis promotes the out competition of native spe@isrchante et

al., 2008; van der Putten et al., 2013)

Even after alien clearing, the effects of increasgtfertility may remain as a legacy effgtelenik

et al., 2004) When the acacia overstorey cover is cleared, increasing radiant energy reaches the soil
and increases soil moisture duelées water uptake by acacig&elenik et al., 2004)These factors

can contribute to increased rates of N mineralizafitlenik & al., 2004) Increased mineralization
decreases nutrient competition for decomposers, meaning rates of decomposing and mineralization of

input litter can increase after cleari@@pvanovic et al., 2008Mineralized N will then be abundantly
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available for removal from the system through e.g. either leaching out (i.e. duringigheaason) or
volatilization by fire(Jovanovic et al., 2008)femperature, sbmoisture and litter vary seasonally,
meaning N concentrations in the soil are also seasonal but N will decrease in the soil in the absence of
N fixing acacias with the main leaching agent being rair{fdvanovic et al., 2008)The precise
residence time of N has yet to be determined. Using fire as a control method is popolardb c
acacia populations and deplete the acacia seed (blknes, 1989; Pieterse and Boucher, 1997)
Burning results in some aliens reprouting from their stumps and mass seedling germination from the
alien seed baniHolmes, 1989; Pieterse and Boucher, 19&8sprouting trees and mass regeneration

can bemore difficult and eventually more resource intensive to control during folloiiPigberse and
Boucher, 1997)

2.4.2Pinus

Pine species have been extensively plantedvénsbuthern hemisphere for the past 300 years and
plantations are a source of seed and spread for species becoming invasive. Control of pines outside
plantations is a problenjRichardson, 1998)Pinus radiatacan and has invaded nutrient poor
environments and has been a problematic tree spreading in the {Ribloardson, 1998)invasive

pine species have large candmid seed banks and the seedlings can be highly competitiveifa

a fire(Moran et al., 1999)Pine canopy cover can close as early as 5 years in somdRelsasda et

al., 1990) In contrast, acacia canopy can close within a yearfjpestGaertner et al., 2012aPines

also increase soil nutrients but the avail&piin the soil depends on the initial nutrient concentration

in litter and also litter quantity; the slash and litter left after clear felling is an important source of P
(Bekunda et al., 1990)The rate of organic matter decomposition increases after clear felling,
similarly to acacia felling and clearing, (Gadgil & Gadgil 1978) and other nutrients can be
mineralized faster after cle&lling, releasing them from the litter into the g@kekunda et al., 1990)

Soils under pine plantations have been observed to have increased acidity, electronic cerahuttivit
soil organic mattefJaiyeoba, 1998; Scholes and Nowicki, 2000; Mills and Fey, 200&eased soil
acidity could increase available P supply by stimulating P release from microorgé§8eseting and
Zasoski, 1993)

2.5 Invasion and restoration in the fynbos

2.5.1 Threat of invasion

Indigenous vegetation is threatened by the loss of habitats and fragmentation due to land cover
changes caused by urbanization and agricultural expaSain et al., 2012; Bellard et al., 2014)

The fragments are further threatened and degraded by IAP coloni¢itmet al., 2012)So great is

the impact of IAP , that they are considered one of the major threats to biodiversity loss worldwide
(Bellard et al., 2014)One way to use restricted resources efficiently is to limit and reduce the impact

of IAP in areas that are the most valuabléeirms of biodiversity, have high levels of endemism, but
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also have the highest threat and vulnerability, such as those areas delineated as biodiversity hotspots
(Mittermeier et al., 2011Biodiversity hotspots, such as the CFR, are already subjected to disturbance
and land use change and threatened by habitat loss and climate change, making them even more
vulnerable to the impacts of IABellard et al., 2014)

2.5.2 Impact of invasion on fynbos species richness

The same processes thought to govern fynbos species richness, are also inypl#dPeand we can
intuitively hypothesise that IAP must affect ecosystems at an important structural and functional level.
Important processes include the 1) abiotic conditions of the ecosystem such as the climate and
soils/geology 2) interspecific speciesmpetition and 3) the disturbance factors playing a dominant
role in the ecosystelfTilman and Pacala, 1993; Vlok, 199&ynbos is known for itsatge turnover

in species composition over a short distance. In the fynbos, climate and géGlmgling and
Holmes, 1992; Cowling et al., 1996HM)re disturbancgKruger, 1983;Cowling et al., 1992nnd

certain species competitive interactiofeaton and Bond, 1991; Vlok, 199@)etermine the
speciation ad coexistence of a large number of species. Understorey richness and competitive
outcomes depend on the e overstorey, species lHistory traits, and also the fire characteristics
(Yeaton and Bond, 1991The understorey fynbos persistence and richness depends on the overstorey
cover. Dominance of IAP in the overstorey leads to reduced indigenous understorey rjghness
Wilgen and Richardson, 1985)n exclusion of the characteristic oversiopgoteas can be facilitated

by alien invasions and inappropriate disturbance regimes (such as short fire cycles caused by
increased dry material by IAP). After IAP removal, the overstorey does often not return to facilitate
and maintain understorey rictsse Thus, changes in guild representation or the absence of guilds can
alter ecosystem functioning , e.g. an increased proportion of sprouters to seeders can alter water yield
in mountain fynbogBosch et al 1986) Native species abundance, richness and diversity is often
decreased beneath closed IAP cover, as a result of reduced seed input and the gradual reduction in soil
stored seed bar{klolmes and Cowling, 1997a, 1997b)

2.5.3 Restoration and fynbos dynamics

Many species in the fynbos use passigad wind dispersal for their small seeds, and these are
deposited close to the soil surfg&arkerAllie et al., 2004) Small seeded species include ldivgd

seeders and shrubs. Fires of high intensity (as a result of lag@embiomass) can damage and kill

small seeds close to the soil surface, removing these guilds from the veg@aticerAllie et al.,

2004) Seeds buried deeper by ants (i.e. myrmecochory) have been observed to recover well after such
fires (Holmes et al., 2000)Serotinous species, with canopy stored seed banks, such as Proteaceae,
longlived seeders and shrubs are usually the most impactedidsy iavasions and clearing
treatments, warranting their -netroduction to facilitate vegetation recovery. In most cases active
reintroduction of these groups needs to be done since natural recolonization is slow in the fynbos, and

an adjacent seed souredll mostly not be present (closer than 1 k(®@arkerAllie et al., 2004)
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Dormant seed banks and introduced seeds need to be cued for germinatiotrégtipgethem with
smoke and or heat (as appropriate to the species) or burning the arecegrogi(ParkerAllie et
al., 2004) Seed mixed for sowing can include fast growing fynfjoscies to protect soil surfaces,
grasses, forbs and overstorey shr{fialmes and Richardson, 1999; Holmes et al., 2000; R&dker

et al., 2004)

2.5.4 Reducing impacts: IAP removal

We have accumulated a gredg¢al of knowledge of plant invasion ecology and alien control
programme implementation, additionally emphasis is placed on research involving the management of
invasive alien species in the fynbos, e.g. clearing practidebnes and Marais, 200@nd post
vegetation recoveryParkerAllie et al., 2004) Clearing usually involves initial mechanical clearing

with treatment of chemical herbicide and f{fearkerAllie et al., 2004) Follow up by hand pulling

new seedlings and applying selective herbicide is requirextistain the benefits of clearifgan

Wilgen et al., 2000) Disturbance caused by restoration and IAP management activities can
unfortunately in some instances actually favour invasioagsing moréharm to ecosystems, rather

than alleviate the situatiofiRichardson and Van Wilgen, 1986; Holmes et al., 2000; Holmes, 2001a;
D6Antoni o and .M&yerceon,onZ2d®m®2) measures can affec
repair after IAP removal, information on control measures impaguisal. After this is established,

one can consider if active restoration is requtédbbs and Mooney, 1993; Holmes and Richardson,
1999; Holmes, 2001b)e.g. when plant richness is decreased and areas are invaded by alien
herbaceous species (secondary invad@raykerAllie et al., 2004) This can include assigning a
proportion of the budg to introduce certain key species and guilds to increase the rate of vegetation
recovery(ParkerAllie et al., 2004)

2.6 Conclusion

Management intervention such as vegetation clearing (passive restoration) can alleviate some of the
negative effects of IAP on ecosyste(dills and Fey, 2003)Since resources in conservation are
scace, one should manage invasions strategically and effectively, by identifying areas that would
need active restoration and prioritizing active restoration to provide the most benefit both ecologically

and socieeconomically.
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3.1 Abstract

Background: Resources for conservation and invasive alien plant control are limited and restoring
invaded vegetation is laboumtensive and expensive. It is therefore important to distinguish between

areas that require only themm® v a | of invasive alien plants (Apa
require additional restoration measures (fAactiy

actions in order to achieve their goals most efficiently and effectively.

Aims: To devéop, illustrate and test a framework to: (dlentify areas requiring activeestoration
and (2)prioritize areas for active restoration

Methods: A multi-criteria approachAnalytical Hierarchical Processvas used for developing the

frameworks.

Results: Framework dteria selectedto determine the need for active restoration incluie
dominant alien species invading the area, density of invasion, duration of invasion, how much
indigenous vegetation is remainjrie adjacent land use, level of distamce inan area, size of the
areathe aspect the area is facing, soil texture, soil depth and erodilitipg and the vegetation type
considered for restoratiomo decide which areas should be given priority for active restoration, areas
wereselectedaccording to whether they improve the connectivity between natural areas, whether the
area is part ofa conservation plaror of biodiversity importanceand how much of thenative
vegetation type is still left (howhreatened the vegetation type isdherimportant factorsncluded
ecosystem functioning of an area in terms of the diversity of habitats and the importance of the areas
in terms of soil conservation (e.g. soil erodibility and slope). After looking at ecological criteria, one

should also takento consideration which area will provideciety with ecosystem service benefits

Conclusions: The frameworks provide a transparent and flexible method of degisaimg. This
method can serve as a tool for land managers to improve restoratios byfadentifying and

prioritizing areas for active restoration

Keywords: active restorationanalytical hierarchical procesgcosystem servicesnvasive alien

plants urban ecosystems

3.2 Introduction

Invasive alien plants (IAPhave negative impacts onaosystems, affecting both biodiversity and
ecosystem functioningMack et al., 2000)Managing IAPcan ameliorate these impact$iere have
been fev cases where entire invasive populations have been erad{&teberloff et al., 2011,
Vince, 2011) this is extremely costly and not always viafMoore et al., 2011; Wilson et al., 2011)
However, the clearing of invasive alien species in some areas has fethtoease in the delivery of
ecosystem goods and services and an increassivebiodiversity(Van Wilgen et al., 1998; Wilson
et al, 2013)
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In many parts of the world;ontrol ofinvasive species and restoratiorseen as being essential for
ensuring the sustainable provision of ecosystem servicesttandongterm conservation of
biodiversity (Crossman and Bryan, 2006; van Wilgen et al., 2012a; Handel et al., 2013; Ma et al.,
2013) In an increasingly urbanised world, urban biodiversity and ecosystem services are not only
threatenedoy the expansion of urban areas and the proliferation of anthropogenic features such as
land cover changéut also by IARAronson et al., 2014; Zhou et al., 2014, 20Mgluable services

from healthy ecosystems in a city include filtering the air, reducing noise, draining rain and
attenuating overland flow, flood prat#on, regulating the microlimate, increasing property values

and a suite of cultural services, including recreaf®olund and Hunhammar, 1999; Costanza et al.,
2006) Restoring invaded ecosystems in cities the potential tbenefit inhabitants bjelping to
ensure the sustained deliverytbése ecosystem goods and servigemgway and Ludwig, 2012)

Restoration is labotintensive and expensive. Unessful attempts to clear |IARasesresources
andoften results irre-invasion of the same speciesaiher weedy specigsgecondary invasions)
(Hilderbrand et al., 2005; Holmes et al., 2008; Le Maitre et al., 20tLi9 therefore important to
distingui between areas that requinaly the removal of AP (fipassive restorati@y from those that

require additional restoration measuréac(ive restoratiod). Selecting areas for restoration has for
instance been done for reforestat{&ettle, 2012; Knowles, 2012)estoringspecies habitgBeechie

et al., 2008rund restoration after land transformation due to agricu{ftressman and Bryan, 2006)

There is, however, no protocol for distinguishing between areas needing passive or active restoration

after|AP have been clead.

In general, resources for conservation and IAP control are lif@eassman and Bryan, 2008hd
managrs must prioritize their actions in order to achieve their goals most efficiently and effectively
(Aronson et al., 2007; Rew et al., 2007; Skurski, 2012; van Wilgen et al., 20diagrous studies
havesought toprioritize areas and speciéx IAP managerant but prioritizationfor restorationis
typically not includedHolmes and Richardson, 1999; Van Wilgen et al., 2007; RBaszual et al.,
2009; Forsyth et al., 2011)

A common flaw in many restoration prioritization actions is tck ofclear goalgBeechie et al.,
2008; Tongway and Ludwig, 2012; Richardson and Gaertner, 20RB)vious restoration
prioritization exercises have usually focused on a single or a group of féestes et al., 2008)or
example on economifactors thatdetermire restoration priorities. However, imany situations the
relative significance obiodiversity or ecosystem servief different areashouldalsobe included,
since benefit gained by restorationould justify expensive restoratianosts(Gaertner et al., 2012b;
Crookes et al., 2013)

Urban areas are complex environments, wigneeptions on the value of particular land parcels

typically needs to considesocial equity, econoim developmentand environmental conservation
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(Campbell, 1996; Anderson and EIlmqgvist, 201RJanaging invasive alien speciess often
controversialin such settinggvan Wilgen, 2012; Dickie et al., 2013Jhe challenge in prioritizing
areas for active restoratida to weigh considerations relating toobliversity conservation, sotia
tradeoffs andd i v e lversefit tofsociety i s Sucheexisions need to be transparent amast
consideropinions of a wide range of stakeholders involved in urban-lsed and ecosystem

management decisions.

A multi-criteria approactusing theAnalytical Hierarchical ProcesgAHP; Saaty, 1990)method is
appropriate for developinthe requireddecisionmaking frameworkThe AHP structures a problem

into a hierarchical structure, where criteria are ranked according to their relative importance in order
to solve the problemAnalytical HierarchicalProcesscan incorporate different views and support a
large number of alternatives to compare optigrasyth et al., 2011; Orsi et al., 201lt)has been
successfully used to prioritize species and quaternary catchmemgfoontrol (van Wilgen et al.,

2008; Forsyth et gl 2009; RourdPascual et al., 2009; RodpPascual et al., 2010; Forsyth and Le
Maitre, 2011; Forsyth et al., 2012Jhis process can also be utilized in a spati@dglicit manner

during restoration planningCadenasso and Pickett, 200®) incorporate expert opinions and
knowledge, quantitative facts and integrate the objectives of the diverse group of stakeholders
involved in invasive species managem@terath, 2004; Janssen et al., 2005)

The overall aim of this study was to develop, illustrate and testlao: (1) identify areasrequiring
active restoration and (rioritize areas for active restorah. General frameworkwere developed
using the AHPfor evaluating restoration priorities @ity of Cape Town, South Africa, as a case
study.

Study area

The City of Cape Town is good place to study the challenges of prioritizing areas for restoration i
an urban contexfThe city is locatedin an extremely biodiverse arewithin a global biodiversity
hotspot (the Cape Floristic Region)akly endemic and threatened specieswvaggtation typesccur

within the city bordersVegetation in the Cape FloristRegion consists mostly of shrubland fynbos.

Fynbos is adapted to fire and many species require fire for regeneration. It is vital to maintain fire
regimes for healthy ecological functioning and IAP managerqent Wilgen et al., 2012b)ires
pose a risk to people and infrastructure in an urban environment making the use of prescribed fires a

source of contention between nature conservationists and the public.

The areaalso comains a variety of landscapes and cultures, anthajor economic centré a
developing country with a rapidly increasing human populafidolmes et al., 2008)Urban
expansion agricultureand IAP (Richardson et al., 199@re key threats tdhe loss of habitat and

native biodiversity, and have negative impacts on ecosystem services. Cape Town has a long history

of alien introductions and management, but despite thative impacts of invasive alien species,
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some species provide a benefit to pegplen Wilgen, 2012) Conflicts arise due to the different
interests of stakeholders involved, adding compyeiitinvasive species management. The City has a
fine-scale, systematic, spatial conservation plan, the Biodiversity Net{i#okneset al., 2012)

which strives to meet national conservation targets for biodiversity pattern and process.
3.3 Methods

3.3.1 General approach of developing frameworks

Stakeholder workshopsvere held to develop twadmeworls: one for the identification ofactive
restoration sites anane for prioritizing sites for restoratianStakeholders were chosen to be
representativeof researcherin the field of restoration ecologynforming practice and policy and

managers from different conservation departmerasateplanning and implementing restoration.

Stakeholders were invitedn recommendation ofnstitutions responsible for alien restoration
planning and implementation (both active and passiResearchers in the fields of restoration
ecology, conservain planning and invasion biology were invited. Institutions inafudiiversity of
Stellenbosch, City of Cape Town, CSIRANParks, SANBI, Working for Water, Working on Fire,
CapeNature and Western Cape Biosphere Reserves Forum. There were 11 work&liognpafor

each workshop, with 5 participants attending both workshops.

In both workshops, all stakeholders were involved in the setting of the goal, development of the
overall frameworks and selection of criteria and-stiteria. All stakeholdersf eachworkshop did
pairwise comparisons f o rcriterich @d their acaesgoviesr khé onlycr i t e
exceptions where experts that were not attending the workshops were asked to compare and rank
criteria, were for criteria relating to landscegued soil (aspect, nutrient retention ability, soil depth,

slope and soil erodibility) and ecosystem services. Two researchers in the field of restoration ecology,
focussing on soil aspects aadsoil scientist, ranked soil criterid researcher focussirgn invasion

ecology and ecosystem services and alegpl manager for the City of ae  Townds | nvas

Species Unitanked ecosystem services.

The general approadi AHP wasfollowed where firstly, a goal was determinfed active restoration
per seard restoration prioritizationStakeholders then identified criteria and -suiteria required to
achieve the goals'he overall framework criteriand their sukeriteriawere then compared pairwise
to each other through lilgeration, facilitated in a workep, to establish weigltgs Weighings
denotethe relative importancef criteria and suferiteria Super Decisions Software (Adams, 2015,
version 2.4.0) was used to facilitate pairwise comparigmnsanking andto assigningweights.
Inconsistenjudgenentswere checkedor by usng a consistency ratigiven by the software: where
the consistency ratio exceedéake, generally accepted).1 limit, weights were re-evaluatedby

stakeholdersind adjusteduring the workshopntil the ratio was below 0.Einal weightsdeveloped
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by stakeholders during the workshop wessigned to spatial data layadentified to represent

criteria and sueriteria.

ONeed for active restorationd frameworKk

The overall restoration goal and framework for identifying areasctirearestoratiorweredeveloped

during the first workshop (seéd=3.1). Ecological factors known to influence restoration potential for
terrestrial sites were identified through stakeholder engagement during the workshop. Each ecological
factor was discesed and suitable criteria and suhieriathat would best represent ecological factors
were decidedupon The numerical weigiigs assigned to criteria, stdyiteria and their respective

categoriesndicate ararea under these conditi@meedfor activerestoration.

OPrioritizingd areas for active restoration fran
The second workshomeveloped arpverall goal anda framework to prioritize areas for active
restorationthat had been identified in the first workshi@ee kg 3.1). Factorsconsideredmportant

when prioritizing andselectingareasfor active restoation were identified through stakeholder
engagementuring the second workshofach factor was discussed and suitable criteria and sub
criteria to represent prioritization factoraere decidd upon The numerical weigktassigned to

criteria subcriteria and their respective categories are based orekgve priority of an area for

active restorationThe above mentioned framework considers the biophysical aspect of restoration
prioritization. Two other prioritization aspects, ecosystem service provision and social considerations,

were also decided upon at the workshop, and are discussed below.

Ecosystem service provision

Urban areas can be characterized by conflicting land use, moreaseis where urban areas overlap

with regions of high biodiversitf O6 Far r e | | . Natural aggetation B Gmip@tant for
conserving biodiversity but they can also support functioning ecosystems with associated ecosystem
service O6 Far r el | Whenvegdation ¢can 2 0e$t@¢gd to the benefit of society, projects are
more likely to gain general support abefunded (Newman, 2008)An important assumption of this
approach is that natural, nénvaded areas provide the best ecosystem service proyidamenasso

and Pickett, 2008)However, t is recognized that invaded and other natural remnants could
provide some form of ecosystem provisionng@®@ 6 Far r e | |. Ecesystera services ®ebeluell

as indicators fordeciding onthe benefit that a restored, functioning ecosystewld potentially
provide. This in turn can be used to priozi areas for active restoration, where areas providing a
bundle of ecosystem services can receive preference for restoration above an area providing a single
service or services to a lesser ext@&dta on areas that are important for various ecosysteritser
provisioning were obtained fro@6 Far r e | | . Dath waa tevelofge@ Wsihg?a)rapid ecosystem
service assessment for the City of Cape Town to identify spatially which vegetation types and land

uses are important in providing provisioning, regulatory eultural ecosystem services.
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Social considerations

Thesecond workshofirstly discussedvhatecological aspectwoulddeterminean ar eafos pri or
active restorationSecondly, it was recognized tha&trtain social aspects would need tocbesideed

in restoration prioritization. Social criteria and sufieria were discussed, decided upon and weighed

through pairwise comparison by stakeholders during the second workshop

3.3.2 Analysis

The decisiommaking framework was applied to spatial dasing Analysis Tools in &AMap (ESRI,

2013, version 10.2). Each criterion and -suiberion was assignetb the spatial data layer that best
represents the criterion, e.g. vegetation type is represented lyathef remnants of indigenous
vegetatiorwithin the boundaries d€ape Town (City of Cape Town, 2014) and the percentage of the
vegetation type remainintgy the Nation Ecosystem Threat Status f\&gn Niekerk, 2012)Planning

units were createlly dividing areas withinhle municipal boundary area of City of Cape Tawio
subcatchments as described and useiMaherry et al. (2013)Minimum catchment size was set to
5x5m, which was thought to be a practical unit to consider for restoration planning, i.e. to establish
small nodes of restored vegetation to a&cseed sources (P.M. Holmes, personal communicatiéns,
September 20)59ub-catchments were then intersected with the vegetation indigenous remnant map
of Cape Town (City of Cape Town, 2014herebycreaing polygons withrelatively homogenous
slopes of small enough sizéo be usedor active restoration planning. This study used an-besad
approach, which meant assigning the corresponding attribute value for each criterion-erite isoib

to planning units. Subriteria consisted of continuous oategorical data. Continuous data were
multiplied by the weight of the sutriterion while categories had to be further compared pairwise to
assign relative weighrgs Each category was then multiplied b

0 Medfor active restorationrd f r ame wor k

The attribute value of each criterion and -suwiberion was added to the attribute table of the
corresponding pl anni rergeriauamd thescategonavalues o planmirg unita | su
were then assigned weidgfis by expers during the workshop and via correspondence. All spatial

layers were combined by summing the weights together and varied betded&h® score represents

the likelihood that a unit requisective restoration. Higher values indicatedraatemeedfor active

restoration whereas lowgalues meanthatpassive restoration ay still be possible othatvery little

active restorationis required This resulted in amap indicating areas possibly equiring active

restoratiorwithin the City of Cape Tow(seeFig 3.1).

Prioritizingbareas for active restoration
The same units awereidentified from the6 Need f or active weesdedtoat i oné
combine spatial layers of thie P r i o rfiarhewark by gdding the attribute value of each criterion

andsubcriterion (as identified in the second workshdp the corresponding planning uisitattribute
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table.Ec ol ogi c al criteAa and sultritefiazwieighgs vere summedalues indicateghe

relative priority of an area for active restoratigrange: 01, with 1 representing the highest priority)

Two priority maps were producedFirstly, a 6 Pr i o r map,icansidegng only thecological

6 Pr i o rframeivark criteyi® and sutriteria (ranging between0) was derived. The second map

involved summinghee c ol ogi cal scoréswii ol i t hei OdN@&@ed fsoores act i ve
(also ranging between-I). The sum of the two scarel e n 0o t e serall prierityd@fCareasfor

active restaation(see kg 3.1).

Ecosystem service provision

&Ecosystem service provisidmalues were determined by assigning values for each ecosystem service
to the planning unitsEcosystem servicp r o v icatéria valdies were assigned their weights and
summed together to provide a score indicating how itapban area is in term 6f Ebsystem service
provisiord(ranging between-Q). Thed Ec 0 s y s t eronvisiani&score was ¢henpummed with the

6 Ov e riaity@scone to determine the rank of areas, considering tiled for active restoratién

and theecol ogi c al todréstore dhese tareas,i aloggdwith the importance in terms of
0 €osystem service r 0 v itcssocety Geeif 3.1).

Using this spatial approach, one can identify small patches with relative homogeneous characteristics
It should be noted that some of the currently available deg¢aata coarse nationalresolution. Scores

were averaged per protected arBhais facilitates thecompilation ofa list of current protected areas

with the highest priories for active restoratiorand that contribute the most in terms of ecosystem
service provision. Information presented in terms of protected areas are likely the most meaningful,
since clearing and restoring areas that have legal protection status (managed and proclaimed as a
protectedarea) will produce the highest benefit in terms of available resources (funding and labour

and expertise); gains will also be maintained if the status of land is secured for conservation.
3.4 Results
3.4.1 Model development

ONeed for actamewarkr est orati ondo f

Stakeholders agreed that the goal of the identification framework shouldTdeidentify
characteristics of invaded natural sites that require active restoration to meet ecosystem biodiversity
and/or ecosystem functioning targetSix criteria andnine subcriteria were identified in the

workshop to achieve this goal and are briefly discussed. Weightings fod the ed f or act
restorat i oaré prebentadnire Tablglk Table S1 inAppendix 3gives weightings of

criteria,subcriteriaandtheir unitsthat were compared and weighed by experts.

Firstly, the invasive status was considered. This includes the dominant invasive species and the

invasion history(seeTable Sifor units of measurementyhe type of invasive species (i.e. the species
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that is currently dominating an area) vweamsideredo be the most importautiterion (27% weight;

see Fig Sifor determining whether an arpsstifiesactive restoration. Since not all species will have
the same effect on natural recovery of indigeneegetation; areas dominated by species classified as
a transformer specigsensu Richardson et al., 20Q@)1 have a greater need for active restoration
than those areas that are invaded by species that have less sever¢Riffeatdson and Rejmanek,
2011) Secondly thédriherent need foactive restoratiod disregarding current invasive status, was
consideredAll areas were given the same weight in terms of invasion history and species identity.

The invasion historyfoa site is the next most important criterion determining its restoration potential

(25%). Invasion history is represented by two guwiteria: the density of invasiofi.e. the density of

stems per halb5% Fig S2 and the duration of invasion (or indiprone ecosystems, the number of

fire cycles since an area has been densely invadé@)).(The number of fire cycles occurring in

invaded stands or duration of invasion is associated with larger detrimental impacts to natural
recovery(Holmes and Cowling, 1997a; Privett et al., 2001; Strayer et al., 2006; Le Maitre et al., 2011;
Richardson and Gaertner, 2018)i r e event s® data do especiesaverefsspan ba
introduced and records ontlate as far back as 196@s/en though it is an important factor, all areas

were weighed equally for the duration of invasion or number of fire cycles since dense invasion.

Remaining native vegetation scor@8% importanceas a criterion for evaluating th Need f or
r est oras hative wefjetation is needed to replenish seed banks and provide propagules for

vegetation recovery and persistence beneath invasive canopies (see Fig S3).

Landscape criterion1(%) is further divided into soil depth, soil erodity, aspect and nutrient

retention ability of soil.Shallower soil was given a higher weight for active restoration need, since

soil depth is related to water holding capacity and moisture available to (fuasy et al., 1998;

Jackson et al., 2000; Schenk and Jackson, 2aD&¢per soils are also beféd against erosion

relative to shallower soild{g S4. Erodibility of soil (27%weight)is further divided by sulsriteria

of slope (Fig S5) and the soil és erodibility fa
exposed to soil erosioteading to potential loss of topsoil and increased sediment load in runoff
(Chamier et al., 2012)Slopewas given a igher weighting 70% than soil 6s inhere
(30% (Schulze and Horan, 2007). Aspe@4% also relates to the soil moisture available to
recovering vegetation. In the Southétemisphere warmer and drier noftiting slope¢Binkley and

Fisher, 2012)vould need more active restoration. The ability of fine textured soils to retain nutrients
(Oades, 1988; Silver et al., 2000¢re represented by weighing the percentage of clay in 4@#§ (

Fig S7).

Invasive alien plants havaany typesand levels of impacts on different vegetatiypes(Holmes,
2002) and will influence the amount of active restoration required and management options.

According to vegetation type (Fig S8), the conditions of whether active and passive restoration is
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needed might differ since some vegetation typeg.Sandstone Fynbos) are more resilient to
invasion than otherse(g. Lowland Fynbos)(De Villiers et al.,, 2005; Le Maitre etl.a2011)
Vegetation type was given10% importance(vegetation type weightinggre showrin Appendix 3
Table S).

Local influences were given the lowest weighting7&b and did not contributenuchto the final
selection results. Disturbance was givée highest relative weighting of the satiteria (78%).
Disturbances that could increase the likelihood of an area needing active restoradfmseacused

by grazng, tramplng, granivorousand fossorial animals. All remnants were given an equal wisgh
disturbance. When considering the size of a remnant to be resi&#®omMeight), larger sizes are
preferable. Even though restoring larger areas is preferable, dividing areas into smaller catchments
meant that all but one remnant was larger thant@®@djacent land use was given a low relative
weighting of7% and contributed very little to the final score but adjacent land use will determine the
alien propagule threat following clearing and the ability to maintain areas according to restoration
goak (Crossman and Bryan, 2006)Jrban gardens and plantations are major sources of alien
propagules and argdn close proximity to urban and agricultural areas, plantations and invaded areas
will be under threat from alien reinvasion through dispe(&auget et al., 2003; Alston and
Richardsm, 2006; Rourdascual et al., 2009nvaded areas that share a border with natural or low
density invaded areas have a higher probability to passively restore by receiving propagules from
adjacent native vegetatidiK. A. Wilson et al., 2011and was assigned a low likelihoofl needing

active restoration.

OPrioritizingd areas for active restoration
The goal for prioritizing areas for active restoration as identified insdwmndworkshop is:To
improve resilience of the Biodiversity Network (ecologically and socially) kprieg ecosystem
composition and biodiversity, ecosystem structure and functioning, ecosystem services and
revegetating with indigenous speci@#e criteria and subriteria that were identified tachieve the
abovementioned goahre presented in Tab82, along with their relative weights as decided upon by
stakeholders. Table S2 iAppendix 3 gives the weightings of sutriteria categories that were

compared and weighed by experts.

The current conservation status of remnants was the most importarnbarivhen prioritizing areas

for active restoration48%). Subcriteria includel the percentage of the vegetation type remaining
(Fig S9)i theless of the original extent remained, the higher the weight givenvegatation type.
Critical biodiversity aeas CBA) rank (see Fig S10) was considered nearly as important as the former
(41%vs.59%).

Ecosystem functioningvas considere@n important part of achieving the restoration goal and was

given a38% weight. Sukcriteria include soil protection (erosipmnd habitat diversity. Habitat
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diversity received the highest priority weigl409. Areas with a higher number of habitat types
should be prioritized in order to improve resilience. Erosion is further divided into level@isria
slope and erodility. To restore ecosystem function in order to improve resilience, soil should be
preserved and areas at higher risk for erosion must be prioritized. Steep slopes apeon®ite
erosion, leading to the loss of topsaeihd seedban& which undermines ecgstem functioning.
Steeper slopes wetkereforegivena higher weighing (65%weight). Soil was assigned an erodiil
factor for each soil typék-value, see Schulze & HorgdB007)) where an increase in value indiogt

that soils are more erodible (Balze & Horan, 2007). More erodible soil was given a higher weight
(35%weight).

Physical attributes of remnants relating to their connectivity received the lowest weighfiagp of

and did not have a big influence on the overall score. It is preferat@stave widehabitat remnants

(i.e. shortest distance between two vertices of the §868)), and wider areas were given a higher
weight. If an area connects to a habitat of the same type (i.e. same vegetatioit tyae)leemed
important toprioritize such sitegor active restoration sind@is would allow for, among other things,
natural dispersal opropagulesbetweenpatches. The distance to natural uninvaded vegetation
remnant received 80% weight: Areas that can provide connectivity between ratareas are a
higher priority to actively restore. Increase in natural areas and improved connectivity is vital to
restore and improve resilience in ecosystdlindenmayer et al., 2006; Beaumont et al., 2007,
Worboys et al., 2010; Keenelyside et al., 2012¥as that are adjacent to natural areas should receive

highest priority, followe by those not necessarily adjacent but closer to uninvaded areas (Fig S11).

Social criteria

As discussed in the second workshop (T&@X@, social criteria that are important when prioritizing
remnants for active restoration include: the legal statwsrohantsi(e. publicly owned or privately
owned;considered the most importaBB%); and the ability to maintain the gairiee( the attitude of

the community:secondary importancé,7%). Whether areas are public or privately owned or under
management bgonservation authorities has major implications for restoration. Publicly owned and
conserved areas are easier to manage and have the advati@iggedsierto access for clearing and
active restoration than privale ownedland (Crossman and Bryan, 200@Restoration in managed
areas is more feasible since disturbances can be excluded to ensure suestssdtibn, whereas
this is more difficult to controlon private land(Bainbridge, 2012) Areas that are managed as
identified in the Biodiversity Network were given higher weighsithan areashat arenot managed
(Forsyth et al., 2012Fheability to maintain gaisin urbanized aresawill depend on the current level

of community engagemen2{%). If conservation departments have an established relationship with a
community of a particular area,ist considere@asier to sell them the beitefof actively restoring an
invaded areaWherea community has an interest in biodiversity conservation the restoration effort

will most likely receive support (e.g. volunteering and help with maintengNesyman, 2008)Even
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if a community has been engaged with nature conservation departments, they could have a negative
attitude towards them (and clearing/active restoration effortsgrefére, areas where theris a

positive attitude and support (and even possible positive attitideareas with no previous
engagement) will receive highest priority for active restoration and received a higher relative weight
(63%.

Ecosystem service provision
Ecosystem servicesnd their weightings are listed in Tal3&. The regulatory services were given
the highest weighting55%) since these services cannot be sourced from outside the city e.g.

protection from flooding.

Regulating services: Critical infiltration areas (H@2) arethosewhere intense rainfall can infiltrate
throughthe soil (Schulze, 2006)Flood mitigation zones (Fig S13) were created by placing a buffer
around rivers and wetlands that should remain undeveloped, for flood water to spread and infiltrate
(O6Farr el |I. The toastl protdon 2dhel (Eig S14) is a buffer area around the coast that
should be undeveloped and will protect the coast against storms and sea leveDiGs& ar r e | | et
2012) Groundwater recharge (Fig S15) areas sustain water for river flow, certain vegetation and
humanuse( O arElleet al., 2012) Groundwater yield (Fig S16) is measured in litres per second and

is a proxy of available groundwater for abstraction and(us2é Far r e |l |. Geundwatér. |, 201
quality (Fig S17) uses groundwater conductivity (mS/m) as a proxy and is armeéthe amount of
purification required before use; higher values indicate more treatment is required and thus lower
water qualityf O6 Farrel Il et al ., 2012)

Cultural services include heritage, tourism and education. These consist of the distances of natural
renmants to heritage sites (Fig S18), popular toutismsportdrop-off stations(Fig S19) and schools
(FigS20)( O6 Far r el | Cukutal eeobystem s@rflcésaviere not given a much lower weighting
(45%) than regulatory services since it is recognized thaiosxre to natural vegetation is of
considerable importance in terms of education value jsatttereforamportart for both tourism and
appreciation of our natural ecosystems and her{ta@ed F ar r e | | Therestomtion of invadedL 2 )
vegetation to functionig and biodiverse ecosystems can leathamybenefits to humans, including
improved health and webleing (Sandifer et al., 2015)providing sufficient motivation to restore

remnants in close proximitp schools, areas with high tourist visitation rates and heritage sites.

3.4.2Case study of model outputs: City of Cape Town

The developed frameworks were applied to the City of Cape Town and the outpuiltusieated in
maps and are described belowhe major woody invasive plants in Cape Town are species of
Eucalyptus(gums), Acacia (wattles), Pinus (pines) andHakea (hakeas)(Richardson et al., 1996)
Gums were given the highest relative weightarms of impacting ecosystems and reducing natural

vegetation recovery6b%9, although gums cover a small area (almost 3%) and are usually restricted
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to riparian areagHolmes et al., 2008; van Wilgen, 2012Yattles carry the second largest weight in

terms ofspecies effects on ecosystem recoveff and also cover the largest part of invaded areas

in the Biodiversity Network (31% of the area). Pines and hakeas cover about 10% of invaded area in

the Biodiversity Network and had the lowest relative wei@8t)(among woody invasive species.

Pine and hakea invasions are confined to the mountainous areas in the east of the city and some pine
plantations occur in the lowlands close to the peninsula (see Fig S1). A mixture of species invades
some areas. Areas comtieig mixtures of species were given the same weighting as the species with

the highest score of the ¢convadi ng species. Wh e n considering
restorationo, di sregarding current i nwaweadkforve st a
active restoration, followed by areas currently invaded by wattles, pine and hakeas and lastly
uninvaded areas. Areas invaded by gums and acacias will have the highest need for active restoration
according to the framework. Areas invaded by gwilshave the highest need for active restoration
because the ecol ogical characteristics of the a
more vulnerable to poor vegetation recovengbecause of the fact that gums are having the biggest

impact on indigenous vegetation recovery

Areas were additionally scored in terms of 6 Ec
wattles getting the | owest average OEcosystem sc¢
gums. Areas invaell by hakeas and pines are the most important in terms of providing ecosystem
services. Wattle invasions cover the largest area and impact greatly on vegetation recovery but are
less important in terms of providing ecosystem serviéesas invaded by wHes in general have

| ower OEcosystem service provisiond s.Restormg but &
gum,pine and hakea invaded areas on the other hand will have a higher benefit in terms of ecosystem
service provisions as these sgacgenerally invade mountaiand riparian areas, associated with the

delivery of many ecosystem services in Cape T.dawen though gum, pine and hakea (but pines in
particular) invasions threaten watelated ecosystem services, they also provide pesibosystem

services in some cases, such as where gums provide nectar for honey bees and provide shade.
However, by law all listed invasive trees need to be cleared from waterways where they are most
likely to have negative impacts on water resour¢@isopp and Cherry, 2004; National
Environmental Management: Biodiversity Act (10),2004: Alien and Invasive Species List, 2014)

Density of invasion (Fig S2) varied between 0% (uninvaded) and 97% invasion. Denselydinvade

areas are few according to current data. Uninvaded areas (<25% covédlanaeight), occupy

about 72% of the Biodiversity Network area, and invaded areas 28%, of which 4% is densely invaded

and the remainder a cover between7886. The small 4% will mdly be targeted for active

restoration and priority f droritizigdt omriatt @ oina wi | | d e

The Biodiversity Network habitat condition map (Fig S3) was used as a proxy for the remaining

native vegetationMost remaining vegetatinis classified as beinfgigh (11% weight to medium
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(23% weight quality habitat, indicating good sources of propagules for vegetation recovery once
alien invasive species have been cleared; these areas also correspond to protected areas. Poor habitat
gudity sites(66%weigh) mostlyare those isolated within an urban matrix, not formally protected or

managedand will need the most active restorat{fig S3).

Most soil in the lowland fynbos is degmd hasa sandy texture (Fig S4yvhile mountainous area
have steep slopesd shallower soils (Fig S# S5) with the previously mentioned having the highest
need for active restoratioThe steep and shallow soils however do not coincide with the most
erodible soil, based on theirdalues (Fig S7). The mostrodible soils are soils in the lower lying
areas, having less need for active restoration based on soil depth and slope criteria.

The CBA rank (Fig S10) was developed as part of the original Biodiversity Network analysis. The
categories are as follows ander of decreasing relative importance 1) Protected areas 2) GB3)la
CBAld-e 4) CBA2 5) CESA & Other natural areas.

Vegetation remnants used in the maps were already classified into homogenous habitat types (in terms
of vegetation). Habitat types incung streams and wetlands could be included as additional habitat
types and were represented by the Flood mitigation zone. All areas intersecting the flood mitigation
layer were classified as having two habitat types and given a higher priority than nibtose

intersecting with the flood mitigation zone.

Vegetd i on remnants with the hi gshoees (Fig &) Ercitugtedlt em s €
around the mountainous areadiud Cape Peninsula and to the far east of the city boundaitieim

criticali nf il tration areas, flood miti ga(citmimwitz ones a
highest weights) When looking at the distribution of scores acrasshe O Pr-i(lBig 35,1 zi ngo
Prioritizing for active restoratidn (Fig 36) and withd&cosystem service provisiémap (Fig 37),

they show the same pattern of highest scores being focussed in the periphery of the city where large
conservation areas are situgtedch aslTable Mountain National Park in the South, Steenbras and
HottentotsHolland in the East.

The list of protected areas (Table S5) shaxeas thamr e pri ori ti zed accordi
prioritydé and other associated sconrRbcatchudgetsd t o ¢
for active restoration, dio consiler protected areas famore finescale screening such as field visits

and site inspection to determine the need and extent of active restoration required.

3.5 Discussion

Areas in need of restoration were prioritized for management according to theti@stgoals for
Cape Town. The goals were firstly tllentify characteristics of invaded natural sites that would
require active restoration to meet ecosystem biodiversity and/or ecosystem functioning aacgyets
secondly to Prioritize areasto improve railience of the Biodiversity Network (ecologically and

socially) by restoring ecosystem composition and biodiversity, ecosystem structure and functioning,
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ecosystem services and revegetating with indigenous spbfesent areas were selected based on
different combinations ofjoals (there may be some overlap among selected éEepd) et al., 2011)

As an example looking at the vegetation types: not considering the current status of invasive species
and just simply thé&nherentneed foractive restoratiofof vegetation types with the average highest
scores are Lowland fynbos, Mglope (both currently with the highest average density of invasion)
and Renosterveld. Consideridyeed for active restoratiérand thed P r i o rfactors, 2. owed 6
Fynbos, Renosterveld, Sandstone and Strandveld are ranked the ighdsen also considering the

0 €osystem service provisigr-orest, Midslope and Sandstone Fynbos are ranked highest.

When looking at théNeed for active restoratiérscore (Fig3.2), the maximum score reache@s

0.66. In generalit was expected forsome areas to have a score close to oné\feed for active
restoration’. The low score is probably due to dwerall low densities of invasive alien plants.
Another reason could behat j ust over hal f of the Cityds na
Managed areas have alien species controlspleontrol implementation, and have a lower average

density oftransformer treespecieshan noamanaged areas. Numerous clearing projectsind the

city could be responsible for the low density of transformer trees-d€mle data collected by

managers were only available for formally protected areas (complete for, 201f&) data onalien
plantdistributionf or t h e r elmadto be Gisedtfrone a nGtiortalydéta set (Kotze et al., 2010)

and a city scale assessment from 2009 (City of Cape Town, 2009). Species identity and invasion
history-related aspects were given the highest weight in determining the likelihood that remnants need
active restoration. More resources should be spent on developing spatially accurate data sets for these
criteria in order for the method to be applied effectively and accur&edyn though processes might

act on different scalgdaplan et al., 2013)data collected at different scales are sufficient to use at a

city landscapescale( Lar os and Benn, 2007; De L anThemostt al . ,
important criteria for each framework is also developed at a city gtals and Benn, 2007;

Ob6 Far r el | ,aedtaccerdte for the2abeds2ol current interesadtive restoration (e.g. species

density and identity for protected areas).

Disturbance level information is not available spatially even though a decision rule could be
developed to indicate areas at high risk of disturbance. However, this information veoofidriore

value to consider at a site scale, when investigating which areas within a site to restore.

The 6rherentneed foractive restoratiolscore (not considering current invasion status, F3jy i3.
valuablefor identifying ecologically vulnerable eas. Scores show similar spatial patterns to the
score including invasion statushich suggests théihe approach is robust, but values eleateddue
to the equal maximum weight of invasion history and species weights. A@sisnneedof active

resoration are isolated patches through the centre of the urban matrix and to the north of Cape Town
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where many higipriority areas surround protected areas but are not yet under formal protection and

management.

The 6 &bsystem service provisionidgscore proides further motivation to conserve natural
vegetation remnants, and to restore invaded and degraded vegetation to an ecologically functional
ecosystem. This will ensure that funds are applied efficiently, to provide the most benefit to society,
but alsocontribute to securing natural resources for the future. Currently, regulatory and cultural
services are mapped, but as future ecosystem services become important, they can be added to the
framework. Weightings of services can be changed to reflect cltamigimands, making this a

flexible approach. This approach adds together the score of multiple ecosystem services, motivating to
spend resources on restoration not for a single
services or of high imptance in providing one or a few servicgennett and Balvanera, 2007;
Trabucchi et al., 2012)Using this proposed method provides a holistic, rhdtiefit approach.
Restor¢ion of remnants and their prioritization amepportechased orproviding ecosystem services,

an area's conservation status and habitat condition.

High-priority areas occur in proclaimed and protected areas, highligifite importance of currently
protected areas and their future contribution to conservation priorities and ecosystem service delivery.
The dNeed for active restoratiGnd P r i o randd&casysterng €ervice provisiodnriteria are useful

for making defensible decisions for allocating méurads towards restoration in these areas but can
also identify new, valuable and priority areas to add to restoration projects. This will produce a list of
areas, ranked according to their restoration priority and the benefit they can supply to sow@@ety. Th
can produce an extensive list of ared@me of the sites, such as the Lower Silvermine Wetlands, with
the highest score of all protected aréhse to itsoverall priority, see Table S5 for list and scores), is
currently managed as a conservation dngidoesnot enjoy any formal conservation statudsing
arguments such as its6é importance in terms of n
and local level could build a case to proclaim it as provincial nature reserve or secuteriong
formal protectionA smaller subset would need to be chosen based on the available (Fuiggh et

al., 2012) Social criteria were not applied to the framework spatially, but can be applied to a final list
of prioritized fragments or protected areas to rank them according to social criteria to refine the
selecton processA subsetcan bechosenby applying social criteria, not because it is the least
important to apply last, but because social criteria can be the most constraining Batttothe
protective status of a site and the level of community supperdrts a restoration project can

determine the ultimate success and sustainability of outcomes.

Although use of theramework relies on available collected data, the framework is simple to
implement and update O6 Far r el |.It eah be applied at @ifferit &calesincluding at the
national levelusingavailable national datasets and e¥@nsmall sitesusing simpler checklisiand

tables to compare and weiggicalities.Model results can be confirmed by grotnathing areas with
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high priority for ative restoration scores, to determine the degree of congruence between spatial data,
model results and realiti€g€onsorte Villis et al., 2015)Such groundruthing was however beyond
the scope of the study, due to severe time constraints. Gtauthiohg results can lead to refinement

of the model andlso provide justification to adjust model weigf@onsorte Widis et al., 2015)

The use of GIS in restoration planning is efficient at a city scale and can combine data at a landscape
scale, combining data sets from many sou(tes et al., 2002)Sources of data can be qualitative or
guantitative, collected from different geographical scales and quality of(Bedan et al., 1998;
Beechie et al., 2008; Consorte Widet al., 2015) The MCAAHP process is a transparent and
flexible way to assemble and weigh criteria to reflect their importance. There is some level of
subjectivity involved in the selection and weighing procedmeoyo et al., 2015put the way that

this it is done is set out @dy in the framework, making decisions defensible and justifigibie

Lange et al., 2012)Comparing criteria and swdsiteria enables relative comparison without
considering the absolute different units criteria are measur@shizaka and Labib, 2009Dividing

a problem into difrent components such as criteria, and doing pairwise comparisons is easy and

come naturally to decision makdisrroyo et al., 2015)

The AHP process involves the participation of stakeholders, and this process is important in an urban
context, where multiple stakeholders are conegrim any land use decision. The weights derived
from pairwise comparisons is subjectiArroyo et al., 2015) depending on the preferences,
knowledge and experience of stakeholdélentifying and prioritizing areas needing active
restoration Traditional urban restoration plannifigcus on technical and scientific criteria but more
recently the trend is to incorporate and encourage public participdtmmman, 2008) The AHP
process employeiah this study relies oaxperts, managers, planners and scientists to select and weigh
criteria to identify and prioritize areas for restoration, as done in other s{ii#@snan, 2008; De

Feo and De Gisi, 2010; DelgatBalvan et al., 2014)Due to the technical nature of deciding
restoration need and prioriffpe Feo and De Gisi, 201@ is common to se professionals and
experts to develop and weigh model critéGansorte Widis et al., 2015)

Wei ghts wil/l di ffer depending on the stakehol d
experienced in the relevant fieldds and manager
restoration werenvited. This is a technical framework, draws from the experiences of expert
stakeholders, not necessarily captured in scientific literature. They are the most suited to weigh
criteria concerning ecosystem recovery post alien clearing. Planners and manggementing

future active restoration are in the best position to rank priorities, according to their current
knowledge (Suding, 2011)of planning and societal benefits of active restoration in an urban
environment. The group all agreed on the goal and criteria arsgiesus was reached relatively easy

on the relative importance of framework criteria, -guiteria and their categories. If a more diverse

stakeholder group was chosen, different criteria and weighting might have been chosen, and a

43



consensus might have &k more deliberatiofFirouzabadi et al., 2008Dther studies have shown
however that both technical and n@thnical decision makers can placgrailar level of importance

to criteria relating to naturdjodiversity anchatural resource®e Feo and De Gisi, 2010)

Robustness modetan betested by performing sensitivity analysis. Sensitivity analysis clsahge

model input to observe how the results chafigikizaka and Labib, 2009%ensitivity analysis can be
useful but was not done in this study. It is acknowledged that changing weightswélleffects on
areatb6s priority feandchange dvaradl resu{@cnsoder Védisietvgar2015) dt o
should be noted that the weights will not be able to change without a proper justification, discussion
and agreement among stakehold®s Lange et al., 2012Because of the technical and managerial
nature of the frameworks, a more diverse stakehagdgron scenario is unlikelyThe frameworks

do explicitly take into account social criteria. The method encourages and facilitates active
participation and discussio(De Lange et al., 2012)The method can easily accommodate and
incorporate the views and needs of the public, should it be needed in the future, by including a
stakeholder group from a wider selection of the general public. A diverse,-digdiplinary
stakeholder group is also likely to decrease subjectivity in selecting and weighing ¢B&ija

2005) The important thing is thahé method sets out the decisimaking process in a clear and
simple way. The choice of active restoration sites will also not generate thdesahof controversy
among urban residents, since these areas would have already been earmarked for alien clearing. The
selection and prioritization of areas for passive restoration (clearing), is not the objective of this
frameworks, only to select ae¢hat would needctiverestoration and where to allocate resources to

restore priority areas.
Universal application

The weights and rankings can have application in areas with a similar ecological and socio
economical characteristiqgbe Lange et al., 2012)ut the framework and method is univaily
applicable to select and prioritize areas for active restoraftom framework can also be modified by
adding or removing criteria depending on the nature and dynamics of environments that need
restoration. As an example: in a nutrient poor enviraringich as fynbos, legacy effects from
invasive alien plants in the form of increased nutrients would lead to poorer vegetation recovery
(Yelenik et al., 2004; Marchante et al., 2008he weighting might decrease or increase when
applying this framework to other ecosystems, dependent on the relative impafftandenutrients in
vegetation recovery and competitive effects between indigenous and alien speeiémeworks
canthusbe applied to different ecosystems around the world; the importance of some criteria might

be altered according to the ecosystimamics.
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Table 3.1 Framework of the model used to identify areas needing active restdi@titre City of
Cape Town, South AfricaCriteria and suieriteria identified ata stakeholdeworkshop ardisted
Level 1 criteria are ibold with the relative weight (%) indicating its importance compared to other
level 1 criteria. Level 2 subriteria are subcategories of level and theirrelative weightings (%)

indicate their relative importance compared to each other.

Criteria and sib-criteria Relative weighting (%)
Level 1 criteria Level 2 sukcriteria

Invasive alien species 27

Invasion History 25

Density of invasion 55

Duration of invasion/no. fire cycles 45

Remaining indigenous vegetation 20

Landscape 11

Soil depth 37

Erodibility 27

Aspect 24

Nutrient retention 12

Vegetation type 10

Local influences 7

Disturbance 78

Patch size 15

Adjacent land use 7

47



Table 3.2 Framework of the model to prioritize areas for active restor&iothe City of Cape dwn,

South Africa Criteria and suleriteria identified atan expert workhopare listedare listed. Level 1
criteria are in bold with the relative weight (%) indicating its importance compared to other level 1
criteria. Level 2 sulriteria are sukcategoies of levell and theirelative weightings (%) indicate

theirrelative importance compared to each other.

Criteria and sukcriteria Relative  weighting
(%)
Level 1 criteria Level 2 sub Level 3 sub
criteria criteria
Conservation status 48
% of vegetation type remaining 59
CBA rank 41
Ecosystem functioning 38
Habitat diversity 64
Erosion 36
Slope 65
Soil erodibility 35
Physical attributes of connectivity 14
Width 36
Adjacent habitat the same 34
Distance to uninvaded hidst 30
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Table33Resul ts of 6Ecosybsameworkandetheir iclatiee weightings (%)ias n 6
scoredby expertsduring a workshopwhich were used to develop a framework for prioritization of
areas in need of active restoration for thg of Cape Town, South Afric Level 1 criteria are in bold

with the relative weight (%) indicatintheir relative importance compared to other level 1 criteria.
Level 2 sukcriteria are subcategories of levell and theirrelative weightings (%) indicatéheir
relative importance compared to each other. Level 3cstdria are sulzategories of level 2 sub
criteria and their relative weightings (%) indicate their relative importancatetrel.

Criteria  and sub Relative weighting (%)

criteria

Levell criteria Level 2 sukcriteria Level 3 sukcriteria
Regulating 55
Critical infiltration 34
Flood mitigation 34
Coastal protection 23
Groundwater 10
Groundwater quality 50
Groundwater recharge 28
Groundwater yield 22
Cultural 45
Education 65
Culture 35
Tourism 60
Heritage 40
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Table 34 Social citeria and sukriteria that are important to consider when selecting areas to

actively restoreThe Sociaframeworkand their relative weightings (%) asoredby expertguring a

workshop, which were used to develop a framework for prioritization of areas in need of active

restoration for the city of Cape Town, South Afritavel 1 criteria are in bold with the relative

weight (%) indicating its importance compared to otlesel 1 criteria. Level 2 subriteriaare sub

categories of level and theirelative weightings (%) indicate their relative importance compared to

each other in level 1 criteria.

Criteria and sukbcriteria

Relative weighting (%)

Level 1 criteria Lewel 2 subcriteria

Legal status

Protected: In perpetuity
Protected: Not in perpetuity
Conservation area

Ability to maintain gain
Community attitude

Current level of community engagement

83
72
17
11
17
63
37
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Figure 3.1: Logical work sequence illustrating tfimmework development process, from the input of two workshc
and spatial analysis to produce an overall produgbtioritizing areas for active restoration as outcome.
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Figure 3.23.5.32)6 Need for active restorationd scor-@terian City
combined by their relative weights. Higher values indicate higher need for active rest8r3fidl nher ent nee
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4.1 Abstract

Invasive alien plants have negative impacts iodilersity, ecosystem functioning and the delivery of
ecosystem services. Management of invasive alien plants can potentially alleviate these negative
impacts. This study investigated the autogenic recovery potential of native vegetation after clearing of
dense invasive alien vegetation in two critical
Floristic Region, the Cape Flats Lowlarehd Swartland Alluvium Fynbos. Sampling was done in
areas previously occupied by either invashgacia salignaor plantations oPinus radiata and in an
uninvaded fynbos reference site. Control treatments varied in terms of the length of invasion and
management histories with the following variables accounted for: number of fire cycles since canopy
closure or rotaons of planting (in case &. radiatg and number of followp treatments. Vegetation
sampling included functional guild representation to investigate structural and functional recovery
postclearing. In terms of overall vegetation structure, uninvaateds were dominated by perennial
indigenous species. Pine areas recovered well in terms of indigenous perennial richness, but
indigenouscover decreased with increasing number of planting rotations (growing cycle). Areas
affected by acacias recovered dgan terms of indigenous cover amtligenousichnessexhibited a

declinng trendwith increasing cycles of invasion. The characteristic proteoid overstorey of fynbos
was lost in all invaded/planted sites and this element will need toib&aduced tcareas after one

cycle of invasion regardless of the invasive species. Acacias chamigedabiotic/ariables after two

cycles of invasionand in the case of indigenous cover already after one eviile, lowland fynbos

is resilient up to three rotatiorsf pine plantingin most casesin terms of vegetation structure,
perennial species and guild richness: acacias more negatively impacted invaded sites, whereas pine
plantations recovered better compared to the reference site. kgll@hearing generallypromoted

better ecosystem recovery in terms of overall species richness and structure but care should be taken
not to damage indigenous shrubs. Overall, acacia invasion caused a greater change in biodiversity,

and ecosystem structure and functioning comao pine invasion.

Keywords: Active restoration, biological invasions, invasive alien plants, impacts, lowland fynbos,

passive restoration, transformer species, tree invasions.

4.2 Introduction

Invasive alien plants can transform ecosystems by changewes composition, ecosystem structure

and ecosystem functioning, and by fragmenting natural areas, driving degradation and negatively
impacting biodiversity and the delivery of ecosystem goods and sefaesWilgen et al., 1998;
Richardson et al., 2000b; Mooney, 2005; Brownlie and Botha, 2009; Pejchar and Mooney, 2009; Vila
et al., 2009; Gaertner et al., 2012a; Handel et al., 20018 range and impacts of invasive alien
species is predicte increase around the worf@Valther et al., 2009; Sorte, 201icluding South

Africa (Van Wilgen et al., 1996,0D8). This drives the investment of resources to prevent invasions

and restore ecosystems degraded by invasive alien sfeflesg e k and R iochudingd s o n,
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research on al i éStrayes R@10;iVdas é& al.j 80dlocostbenefit analysis,
effediveness of control operationdarais et al., 2004; Pretorius et al., 20G8)d restoration

strategiegHolmes and Richardson, 1999; Holmes et al., 2000)

Ecological restoration aims to speed up ecosystem recovery in terms of community composition,
vegetation structure and ecosystem functior(idgintonio and Meyerson, 2002; Trabucchi et al.,
2012) Restoration actions can include the control of invasive alien species -artcbdeiction of

native vegetatiorfHolmes et al., 2008; Gaertner et al., 2012Bparing of invasive alien plants is
sometimes not sufficient to allowcosystems to recover adequately, and additional restoration
interventions may be need@dolmes and Cowling, 1997a; Crossman and Bryan, 2006; Esler et al.,
2008; Reid et al., 2009; Gaertner et al., 201Ra&storation efforts can be classified as eifassive
(involving the removal of the cause of habitat degtiadain this case invasive alien vegetation and
leaving the ecosystem to se#fpair) oractive (involving additional measures, such asmneoducing

native species by seed or propagated material, and in extreme cases soil stabilization, landscaping and
engineering)Allen, 1995)

Removal of invasive alien species that change the original properties of the ecosystems they occupy
(i.e. transformer specieensuRichardson et al., 2000lcan have unexpected resylRichardon et

al., 2000b; Hobbs et al., 2006ljhe resources needed to restore native vegetation generally increase
with the degree, magnitude or duration of invasion. Once the system has changed to an alternative
ecosystem state, costs required to achieveratgino may be prohibitivéHolmes and Richardson,

1999; Gaertner et al., 2012&ailing to restore ecosystemstheir historical statWhisenant, 1999;

Hobbs and Harris, 2001; Suding et al., 20€) often be attributed to ignoring the biotic and abiotic
changes, and their interactions, that have occurred during invg8akker and Berendse, 1999;
Zedler, 2000; Suding et al., 2004)ransformer species often leave legacy effects, such as increased
nitrogen levelsr the soil(Yelenik et al., 2004)These can lead to secondary invasions that capitalize

on the increased soil nutrient availability left by the ali@m@ et al., 2009)If the maximum level of
ecosystem resilience is exceedadhreshold is crossed which can eventually lead to a change to an

alternative ecosystem stqtuding et al., 2004)

The threshold model has been developed to explain the different stable states of ecosystems under
different levels of invasions and the barriers separating these (8tétggham et al., 2003There are

two general types of ecosystem threshoddisictural thresholds aridnctional threshold¢Beisneret

al., 2003) Structural thresholds refer to ecosystem composition and structure. The crossing of a
structural threshold can be initiated by changes to biotic and abiotic variables, e.g. a decrease in
species richness and unnatural changes in nutrieiabiity, respectively(Stringham et al., 2003;

Briske et al., 2005; Gaertner et al., 201Z&a)nctional thresholds represent changes in ecological

processes (i.e. ecosystem function), e.g. greater fire intensity and increased resource competition due
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to changes in nutrient cycling, lowered water tables and loss of tofVauil de Koppel et al., 2001,
Briske et al., 2005)

During alien plant invasionstractural biotic changes usually occur fi(§aertner et al., 2012a)
followed by abiotic chnges. However, abiotic structural changes can also occur alongside biotic
structural changes. In recently invaded areas some ecosystem functions might still operate similarly to
those of uninvaded sites; in such cases the system may recover withoutthay postclearing
interventions(Whisenam, 1999; Archer et al., 2001; Stringham et al., 2003; Gaertner et al., 2012a)
Once the invasion is dense, changes iam®rcing ecosystem feedbacks (e.g. higher nutrient levels
will lead to more invader biomass) will result in altered ecosystem fumiatjp facilitating further
dominance of invasive alien specigaertner et al., 2012aJhese changes will result in decreased
ecosystem resilience and eventually abiotic functional thresholds will be créssadh instances,
restoration interventions will have to aiat restoring ecosystem functions and processes. In such
extreme cases, active interventions (such as alleviating high soil nutrient levels) might be necessary
(Holmes and Richardson, 1999; Stringham et al., 2003; Marchante et al., 2009; Gaertner et al.,
2012a) Restoration thresholds have been documented in different ecosyblgstr®m et al., 2000;

Van Auken, 200Q)these highligt the importance of identifying functional and structural ecosystem
changegSuding et al., 2004)

In a biodiversity hotspot such as the Cape Floristic Region (encomgpdhksi fynbos biome), it is
crucial to consider what happens after clearing invasive species and to identify possible barriers to
restoration. The fynbos biome is one of the most invaded biomes in South @®dtardson et al.,

1997) Especially in the lowlands, a high proportion of vegetation is wamsfd or threatened by
agricultural and urban developmerdasid invasion by alien plan{Rouget et al.2003) Pines(Pinus

spp.) and acaciasA¢acia spp.) are two of the main woody transformer invaders of fynbos
(Richardson et al., 1992; Wilson et al., 20ith Pinus radiataD. Don (Monterey pine) plantations
andinvasions and widespredtacia saligng Labill.) H.L. Wendl. (Port Jackson Willow) invasions
threatening lowland fynbos vegetation types (Rebelo et al., 2006). Invasive trees have different traits
and can impact communities and ecosystems differeithcia salignahas higher growth rates and
attains a greater height compared to native fynbos shrubs, resprouts after fire and cutting, can fix soil
nitrogen and maintains large and persistent dormant seed @&itkewski, 1991a; Yelenik et al.,

2004; Richardson and Kluge, 2008hese fetres mean thaf. salignahas a greater and longer
lasting impact on fynbos ecosystems than some other invasive trees, shehsasotinous treP.
radiatawhich does not resprout, have a ldivgd soil seed bank, or fix soil nitrogéRichardson and

Van Wilgen, 1986; Holmes et al., 2000; Holmes and Foden, 2001)

A conceptual approach, classifying categories of acacia and pine invasion in fynbos ecosystems and
detemining potential thresholds to native ecosystem recovery, has been developed but the conceptual

predictions of different thresholds for pinesrsusacacias have not been empirically tegt8dertner
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et al., 2012a)By identifying measurable indicators of invasion staged related ecosystem changes,
one can identify the risks and benefits of certain management actions but also estimate the restoration
potential(Stringham et al., 2003; Briske et al., 2005)

Previous research on the impacts of alien plants and restoration potentiab$ihs focused on
riparian and mountain fynbos ecosystgisisil, 1993; Blanchard and Holmes, 2008; Holmes, 2008;
Pretorius et al., 2008; Vosse et al., 2068p has generally focused only on one dominant alien
species per studiLe Maitre et al., 2011; Ruwanza and Gaertner, 20IBjs study concentrated on
lowland fynbos, where restoration of highly threatened vegetation appears to be most challenging
(Holmes, 2002, 2008nd focused on two invasive tax®,salignaandP. radiata The two species
seldonty co-invade, as pines are mainly invasive in mountain vegetation wharesignais maost
invasive in the lowlandéRichardson et al., 1992However, the lowlands have been afforestet

pines

The aims of this study were: (1) to compare ecosystem impacts of acacia and pine invasion on
lowland fynbos (2) to identify the most important management and invhstory variables that
influence vegetation recovery and abiotic variables, and (3) es@as$he association between biotic

and abiotic variables.

We examined the following hypotheses: (i) a greater change in biodiversity, and ecosystem structure
and functioning (including guild composition and soil attributes) will occur in atacéled tha

pine plantation areas; (i) management and invakistory (including number of followp
treatments and whether an area has been burned after clearing, number of fire cycles since invasion or
rotations in pine plantation), will affect the ability fautagenetic recovery of cleared areas in terms

of biodiversity, and ecosystemstructure and functioning; and (iii) changes in abiotic variables will

affect biodiversity, and ecosystestructure and functioning i.e. influence ecosystem feedbacks.

If the invasion history is important in explaining biodiversity and differences in ecosystem structure
and functioning among invaded sites, it could indicate that some thresholds have been crossed and
active restoration measures could be required. Such insightcraal for planning effective

restoration efforts.
4.2. Materials and methods

4.2.1 Study sites

The study was conducted in two critically endangered vegetation types within the Cape Town,
Stellenbosch and Drakenstein municipal areas, South Africa. Elape Sand Fynbos (CFSF) is
situated in a winter rainfall region (mean annual temperature, MAT, ofitG2&nd mean annual
rainfall, MAR, of 576 mn and the landscape consists of predominantly flat plains with acidic, sandy
soils. More than 85% of the vegtion is transformedRebelo et al., 2006)Main threats to this
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vegetation type are urban sprawl and alien infestation, with many remaining areas being small
patches, surrounded/ lurban areas. Cape Flats Sand Fynbos is prone to invasidoaboia cyclops

A. Cunn.exG.Don(rooikrans)andA. saligna, Pinuspp, Eucalyptusspp. (gmns), Hakea(hakeas),
Leptospermum laevigatu(@aertn) F. Muell. (Australian myrtle) and to secondary invasion by alien
annual grases(Richardson et al., 200Qayhe following study sites were sitied within this
vegetation type: Tokai Park, Youngsfield Military Base, Blaauwberg Nature Reserve, Penhill,
Haasendal Conservation Area and a reference site 7km from the Blaauwberg site (Bas Ariesfontein)
(Table4.1).

The second vegetation type is SwartlaAlluvium Fynbos (SAF) with a seasonal, wintainfall
regime(Mean annual rainfall, 656 mmjt occurs next to mountains on slightly rolling plains with
alluvial sands. Swartland Alluvium Fynbos forms dense closed stands close to water bodies. The main
threats to this vegetation type are pine plantations, vineyards, orchards and alien plantsAsuch as
saligna (Rebelo et al., 2006)The three study sites (Wemmershoek, Victor Veratel Safariland)

within this vegetation type include seasonal wetland communities.

Study areas were chosen based on being previously invadedshligna(>75% cover) or historical

P. radiata plantations. Reference sites were used to provide goalsdovesy (Buijse et al., 2002;
Blanchard and Holmes, 2008nd to assess the degree of recovery successlpagng. In this

study, comparisons with a reference site (Bas Ariesfontein) were applied to indicate changes in
ecosystem structure and function. Only one reference site could be sampled, since moss @mna
these vegetation types around Cape Town are currently heavily invaded or have been previously
heavily invaded by alien plants. The reference site was characterized by mature fynbos and was only
sparsely invaded (<25% canopy cover)Aysaligna Initial clearing of the reference site was done in
2011 and the reference site has had yearly fellpwtreatments. All other study sites have been
cleared of alien trees, with some areas being burned after clearing, at least more than a year prior to
this sudy.

Historical and management information data were collected from managers and other knowledgeable
stakeholders. Fire and invasibistory data were inferred from satellite images obtained from Google
Earth (20052014) and the Department of Rural Develgmt and Land Reform (193805).
Treatments varied over time scales and management histories with the following variables accounted
for: number of fire cycles since canopy closure or rotations of planting, clearing method, time since
initial clearing, tine since last fire (vegetation age) and number of folipatreatments. Areas that

had not been burnt after the initial clearing treatment were classified as mature vegetation when fire
data could not be inferred from satellite imagery. Tablegives a ssnmary of management history

and exact location information of study site.
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4.2.2 Field sampling

Vegetation was sampled during September and October 2014. Three replicate 5 x 10m plots were set
up in each treatment per study site (Cape Flat Sand Fynbos, 8w@dtland Alluvium Fynbos,

n=12), spaced out as far as possiphénimum of 50m apart in small areas but up to 200m where
possible)to ensuring independence among sample plots. All species were identified either in the field
or by collecting specimens rféater identification and were categorized as indigenous or alien using
published floras such gdanning and Goldblatt, 20123nd (Bromilow, 2010) Total percentage
canopy cover was estimated for each indigsnand alien species within the plot. Species richness
was recorded for the whole plot.

Soil sampling was done after vegetation sampling in October. ElevatioGR8doordinates were

taken at the SoutBast corner of each plot with a Garmin GPS. Thitégr Isamples were taken within

the plot, by randomly placing a 25 x 25 cm quadrat on the ground and collecting all litter in the
quadrat. Litter was dried in an oven at 45 °C for 72 h and weighed. Three equal volume soil samples
were taken per plot belowo# litter, in the upper 10cm of soénd bulked. Samples were sent for
analyses at Bemlab (BtiLtd. (Somerset Wes§outhAfrica) for soil texture analysis, available
phosphorugP, mg/kg P Bray ), mineralnitrogen (ammonium, NFHN, mg/kg, and nitrateNOs-N,

mg/kg extracted from soil witAN KCI and determined colorimetrically on a SEAL AutoAnalyzer 3
after reaction with a sodium salicylateercentagecarbon (%C) anditrogen (%N). Electrical
conductivity and pH were analysed at Stellenbosch UsityerThe soil electrical conductivity (EC)

was measured using a 5 g soil sample, mixed with deionized water (25mL) to form a 1:5 ratio, and the
supernatant was measured with an EC meter. Soil pH was also measured using the 1:5 ratio, using a

0.01M CaCl22H20 solution (25mL) and the pH of the supernatant was measured with a pH meter.

4.2.3 Analysis

Biotic and structural ecosystem components can be characterized by vegetation attributes such as
indigenous species richness, abundance and changes in gromtltdmposition(Eldridge et al.,

2011; Gaertner et al., 2012#) the Fynbos Biome, ecosystem functioning can be characterized using
functional guild compositioiHolmes and Richardson, 1999; Richardson et al., 20QY etermine
whether native vegetation had recovered after alien plant clearing, invaded sites were contpared to

uninvaded reference site.

Data were analysed using generalized linear models (GLM) in R statistical sofRva@are Team,

2015) Models werdestedfor the following assumptions: residuals of response variable are normally
distributed, homogeneity of residuaad collinearity of variablegFox, 2008; Hothorn et al., 2014)
Percentages of C and M@ were correlated with NN (0. 61 and 0. 76 Pear s
coefficient, respectively) and were therefore removed as explanatory variables. Percentage N was

correlated withavailableP( 0. 6 2 Pear sonbs cor r el &he assumptianthatf f i ci e

68



replicate plots are independent was tested by applyingBteaschkGodf r ey t est usi

package to modelgiothorn et al., 2014)

As indicators for abiotic functional recovery of the ecosystesoil nutrients and litter biomass were
analysed as response variables. Litter biomass could indicate structural and functional changes (i.e.
changes in litter biomass and nutrient cycling process). Litter biomass was averaged and is expressed

as gram®f dry weight per rh

Richness of indigenous perennial plants was analysed as an indicator for the impact of invasion on
recovery of biodiversity. The biotic structural recovery of ecosystems was investigated by using the
relative cover of alien and indigeus species as response variables. The richness of functional guilds
was used as a response variable indicating thecpesting guild recovery. To categorize functional
guilds, plant attributes such as growth form, longevity and leaf (typbnes and Richardson, 1999;
Holmes et al., 2000)ere identified and assigned to species (see TaB)e Shrubs were subdivided

into ericoid (fineleaved shrubs) and naricoid shrubs. Cyperaceae were includedhwibe
graminoids (grasses) and restigidead were placedas a separate category. To account for natural
variation among sites, mean annual precipitatialues(Schulze, 2006pr soil depthwere included

as environmental variables when spatial autocorrelation was det@atedkduce the rmaber of
explanatory variableyegetation age was least informatidaring exploratory analysisnd was
therefore excluded from the mod#Valker and Madden, 2008; Costello and Osborne, 2@dgcies
richness of guilds was used to assess guild recovery. The guilds analysed were the number-of ericoid
and norericoid shrubs, indigenous perennial grasses and restioids since they are the main structural

components in the two vegetation types.

Predictor vambles included environmental, invasion history and management variables and were

used to determine which invasion and management related variables are most important in
determining vegetation and soil nutrient responses and recoverglpasnhg. Varialgs included

both continuous and categorical data. Predictor variables were standardized (the mean of each
variable was subtractedrom each data point and divided by twice the standard deviafidhe

variable see Schielzeth,(2010) and (Grueber et al(2011) for further explanation. This enables

estimates of predictors to be comparable relative to one ar{8ittgelzeth, 2010)

Response variables consisted of continuous variables (RNNHtter, EC, pH)count data (number

of species of each guild: indigenous perennial species, restioids, indigenous perennial grasses, non
ericoid and ericoid shrubs) and percentage canopy cover data (relative cover of indigenous plants and
relative alien cover). Appropriate error and link ftions were chosen in models accordingly. For
biotic ecosystem components (ecosystem structure, biodiversity and guild richness) two sets of
models were run, one containing management and invagtory variables as predictor variables

and a second modedas run using litter and soil variables as predictor variables.
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If categorical variables were significant at p<0.1, they were further analysetiquott determine
di fferences. Anal yses were perf or(Paead, 2015 ThR U s i
GamesHowell test was used and is a multiple comparison test that takes into account heterogeneity of

variances and unequal sample sig@ames and Howell, 1976; Kromrey and La Rocca, 1995)

4.3 Results

Lower and upper confidence intervadvels (Cl) for the estimates are included, where small
differences between the ClI indicate precise estimates while large intervals show less precision. Full
output and results from GLM analysis are show\ppendix 4A. Results from pogtoc analyses

and irwise comparisons are presentedAppendix 4B. This includes the group sample sizes,

means and variances, along with appropriate test statistics and significance levels.

Models showed that there was no significant autocorrelation among samples aneglitaiteplots

can be considered independent (P>0.05). The only model shat showed signs of autocorrelation
accordingto the BreuschGodfrey testwas the management model for renicoid shrub richness
(P<0.05). Other than the previously mentioned, no mg$ions of models were violate®wartland
Alluvium Fynbos only harbouredP. radiata plantations but no acaciavaded sites. Significant
differences between vegetation types occurred for indigenous and alien cover, ammonid@. and
Alien cover wassignificantly lower (t=4.4, df=42, p=<0.001) and indigenous cover was significantly
higher (t=4.4, df=42, P=<0.001) in SAF sites than CFSF pine plantations. It is interesting to note,
however, that in all cases, indigenous cover was significantly lower andcalNem significantly
higher (all acacianvaded and CFSF pine plantations) compared to uninvaded sites; only pine
plantations in the SAF had recovered to a similar level of indigenous cover (t=2.3, df=3.4, P=0.253)
and alien cover (t=2.3, df=3.3 P=0.259)m#onium was significantly lower (t=3.11, df=16.5,
P=0.03) and soil EC was significantly higher (t=3.24, df=15, P=0.026) in SAF compared to CFSF
pine plantations. In terms of pH, CFSF pine plantations had significantly higher pH but SAF pine
plantations hae similar pH to the uninvaded site (1=6.5, df=14, P=<0.001 and t=2.4, df=12, P=0.140

respectively). Overall all sites had a sandy toiture ad were thus comparable in this regard.

Ecosystem impacts of acacia versus pine invasion on lowland fynbos v@agjen types

Both pine plantations (t=3.9, df=3.6, P=0.046) and acasi@ded sites (t=6.1, df=8.9, P=<0.001) had
significantly lower indigenous cover than the uninvaded site and acacia had significantly lower
indigenous cover than pine plantation sites3(8, df=21.1, P=0.003Fig 4.1). Acaciainvaded sites
(t=6.1 df=8.7, P=<0.001) and pine plantations (t=3.9, df=3.5, P=0.049) had significantly higher alien
coverthanthe uninvaded site, with acaeimvaded sites also having significantly more alienero

than pine areas (t=3.8, df=21.0, P=0.0083y (4.2. When separating alien cover into woody (&ig)

and herbaceous cover (FfQ4), there was overall very low cover of woody aliens, with acacia

invaded areas having significantly higher woody aliemet than pine plantations (t=3.42, df=14.9,
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P=0.01) and the uninvaded site (t=3.37, df=15.9, P=0.01) (both having a mean relative alien woody
cover close to zero; t=0.18, df=3.4, P=0.98). The majority of alien cover consisted of herbaceous alien
cover, wth acacianvaded areas having the highest cover but not significantly more than pine
plantations (t=2.1, df=20, P=0.125). Both had significantly more herbaceous alien cover than the
uninvaded site (acacia: t=4.0, df=14, P=0.003; pine: t=3.7, df=20, RHqKiQ 4.4).

Species richness of indigenous perennial plants was the highest in uninvadeficaitesinvaded
sites had significantly lower indigenous perennial species richness compared to pine plantations
(t=3.7, df=21.5, P=0.003), while pine plantetsand acacianvaded sitesecovered to a similar level

of richness than the uninvaded siné: t=0.2, df= 2.2, P=0.978acacia: t2.0, df= 3.0 P=0260

(Fig 4.9. The uninvaded site had the highest number of ericoid sp&wge4.9 while acaciainvaded

and pine plantation sites were associated with a significantly lower ericoid shrub richndskA{z=
P=<0.001, 95% CI<4.392 t0-1.619 and z=3.268, P=0.001, 95% Ci%£.319 t0-0.32Q respectively),

with the number of ericoid species being signifitbglower in acacia than pine plantation sites (t=3.3,
df=30.9, P=0.007). Noericoid shrub richness did not differ significantly among dominant invasive
species treatments (acacia-@933, P=0.351, 95% Ci2.4350.889; pine: z=0.455, P=0.649, 95%
Cl=-0.730-1.493). Pine plantations had the highest richness oferionid shrubs, with acacia
invaded sites having a lower number of fasitoid species than the uninvaded site, although sites had
an overall low richness of nearicoid shrubs (maximum of tw@ecies for uninvaded site and four

species for acaciand pineinvaded sites)Hig 4.7).

There was higher mean litter biomass in acaviaded sites (z=2.181, P=0.036, 95% CI=5:218
458.008; t=0.74, df=13.2, P=0.75) than uninvaded and pine sites (td1=28.8, P=0.21)Kig 4.8.

In pine sites, there was less litter than in the uninvaded site (t=1.37, df=6.8, P=0.41). Ammonium
levels in the soil did not differ significantly between the dominant invasive species and the uninvaded
site (acacia: t=2.3, df19, P=0.091; pine: t=1.2, df=6.4, P=0.49Big(4.9, even though the results

from GLM indicated a species effect (acacia: z=2.086, P=0.044, 95% CI=0.418; pine: z=2.749,
P=0.009, 95% CI= 2.0562.426). Sites invaded by acacia had the highest mgahdeammonium,

with pine plantation sites having lower mean ammonium levels than the uninvaded site. Soil was
more basic in acaciavaded sitesHig 4.10Q in relation to the uninvaded site (t=2.4, df=16, P=0.072)
Pine plantation sites had significanthyore acidic soils than the uninvaded (t=5.3, df=22, P=<0.001)
and acacianvaded sites (t=5.6, df=29, P=<0.001). There was no significant difference in EC among
treatments (Appendi¥B iii3), but the uninvaded site had the highest and aéac&ded siteghe

lowest EC Fig 4.1]). Available phosphorusvas elevated in both invaded sites compared to the
uninvaded site (acacia: t=3.06, df=8.1, P=0.037; pine: t=2.86, df=8.2, P=Fi#28)12.
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The response of biotic and soihutrient factors to abiotic variables

The number of restioid species was correlated with the amount of available phosphorus, where
available phosphorusvels were negatively associated with the number of restioid speciéso@t;
P=0.097, 95% CI-3.4520.004). The number of indigenopsrennial grassand norericoid species
was associated with ammonium, where grassl(Z34, P=0.083, 95% Ci%.2230.047) and non
ericoid richness (z2.735, P=0.083, 95% Cl%.5860.054) increased with lower levels of
ammonium in the soil and indiger®yerennial species richness was significantly lower with
increasing ammonium (24.798, P=<0.001, 95% Ci£.066 tc0.451). Norericoid richness
significantly decreasedith increasingsoil EC (z=2.281, P=0.023, 95% Ci+.804 t0-0.168). An
increase in titer had a negative association with ammonium in the soil @#2, P=0.070, 95% CI=
2.9440.134).

Associations between management and invasidnstory and vegetation recovery and abiotic
variables

Areas that were burned had significantly more indigeramver (z=3.34, P=0.002, 95% CI=0.289-to

0.076; t=1.7, df=43, P=0.093) (Fig S11i) and better guild recovery than those left unburned. Increased
richness was observed for indigenous perennial speciea§15, P=0.012, 95% CI6.401tc0.049,

t=1.9, df=2, P=0.067) (Fig S10i), restioids A=63Q P=0.103 95% CI=1.88-0.135 t=0.83,

df=29, P=0.41), ericoid shrubs (#=835, P=0.066, 95% Ck9.7320.024;t=0.97, df=42, P=0.34) and
indigenous perennial grasses {£692, P=0.091, 95% Ci8.7330.054; t=17, df=36, P=0.1) (Fig

S8i). Sites left unburned after clearing had significantly higher alien cover (z=3.409, P=0.002, 95%
Cl=0.0790.292; t=1.7, df=43, P=0.09).

There were larger amounts of litter in unburned areasS&)g Unburned sites had more aicidoils

than those burned after initial clearing (Fgji) and a higher mean of availalgjhosphorugz=2.990,
P=0.005, 95% CI=0.00®.689; t=1, df=32, P=0.3%Jig S4i).

Effect sizes show that the number of folloyy treatments received after clearingd a positive
association with the richness of ericei@=0.997, P=0.319, 95% GI5:1760.546) and a negative
association with the richness of rencoid shrubs (z8.051, P=0.959, 95% Cl6.5550.517), even
though norsignificant. The number of followps a site had received, was associated with
significantly higher richness of indigenous perennial species (z=3.436, <P=0.001, 95% CI=0.130
0.472) and higher litter biomass (z=2.426, P=0.020, 95% CIl=18.24369). Increasing followp
treatments was assated with an increase in EC (z=2.3P+0.026, 95% CI=1.168.909).

For cycles of invasion, acacias and pines were separated for visualisation and analysis when a cycle of
invasion was indicated as significant during GLM analysis. Increasing cyclesvasgion was
associated with poor indigenous cover recovery. After one and two cycles of acacia invasion,

indigenous cover was significantly lower than the uninvaded site (t=14.3, df=2.9, P=0.002 and t=5.5,
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P=0.002 respectively). After one and two pine iota, indigenous cover recovered to a similar level

to the uninvaded site (t=1.74, df=4.5, P=0.404 and t=2.49, df=3.6, P=0.214 respectively). After three
rotations of pingotations,indigenous cover was significantly lower compared to the uninvaded site
(t=4.24, df=4.6, P=0.034).The inverse trend was shown for alien cover. Adacided sites
exhibited an unusual result, where after one cycle of invasion, indigenous cover was lower and alien
cover higher when compared to two cycles of invasion (t=7£,219, P=,0.001 and t=6.9, df=12.9,
P=<0.001 respectively). Both one and two cycles of acacia invasion resulted in a lower richness of
ericoid shrubs compared to the uninvaded site (t=4.92, df=2.2, P=0.059 and t=4.36, df=2.7, P=0.054
respectively). In pin@lantations, two cycles of rotations had lower restioid richness than one cycle of
rotation and significantly lower restioid richness than three cycles of rotation (t=3.16, df=5.0, P=0.086
and t=5.00, df=17.0, P=<0.0Qfespectively.

After A. salignainvasion, pH was significantly higher (more basic) after two cycles of invasion than
after one cycle of invasion (t=3.8, df=7.6, P=0.014) or the uninvaded site (t=3.3, df=12.9, P=0.014).
Litter biomass did not differ significantly between the uninvaded aité the cycles of acacia
invasion. Availablephosphoruglid not show a clear pattern in terms of cycles of invasion: after one
cycle of acacia invasion, it had higher levelsaghilable phosphoruban the uninvaded site (t=2.7,
df=13.0, P=0.046), but twoycles of invasion did not increase significantly (t=0.5, df=4.7, P=0.875).
Soil pH for pine plantation areas did not differ significantly among the uninvaded sitftandne

and two rotations of planting (see AppendBiv2 pine). After three cyclesf pine rotations, pH was
significantly lowered (more acidic) compared to the uninvaded site (t=7.09, df=17.4, P=<0.001), one
cycle of rotation (t=3.62, df=9.2, P=0.023) and two cycles of rotation (t=5.24, df=15.5, P=<0.001).
Electrical conductivity did niodiffer significantly between different pine rotations and the uninvaded
site. Litter biomass was lower after one pine rotation (t=2.55, df=6.6, P=0.140) and significantly
lower after two rotations (t=4.78, df=4.0, P=0.030) in comparison to the uningidedvhile after

three rotations, litter was similar to the uninvaded site (t=0.23, df=9.5, P=0.996).

4.4 Discussion

The main aim of this study was to compare ecosystem impacts of acacia and pine invasion on lowland
fynbos. The hypothesis that acacia wikhuse a greater change in biodiversity, and ecosystem
structure and functioning was supported. The study also attempted to identify the most important
management and invasiiistory variables that influence vegetation recovery and abiotic variables.
Somevariables had much larger effects on biodiversity, and ecosystem structure and functioning and
each variable differed in frequency of selection as the most important variable. The study further
aimed to assess feedback processes between biotic and edniiatides. It was found that changes in

abiotic variables affected biodiversity, and ecosystem structure and functioning.
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