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Abstract

Resources for biodiversity conservation and invasive plant management are limited, and restoring invaded vegetation is
labour-intensive and expensive. Managers must prioritize their actions to achieve their goals efficiently and effectively. They
must distinguish between areas that require only the removal of invasive alien plants (“passive restoration”) from those that
require additional restoration measures (“active restoration”). This study used a multi-criterion approach (Analytical
Hierarchical Process) to develop a framework for identifying areas that require active restoration, and then to prioritize these
areas for active restoration. The South African city of Cape Town is used as a test case to illustrate the utility of the
framework. Framework criteria selected in determining the need for active restoration included: dominant alien species
invading the area, density of invasion, duration of invasion, indigenous vegetation cover, adjacent land use, level of
disturbance, size of the area, aspect, soil texture, soil depth and erodibility, slope and vegetation type. In deciding which
areas to prioritize for active restoration, factors such as vegetation conservation status, selection in a regional conservation
plan and connectivity function were assessed. Importance in ecosystem functioning (by providing a diversity of habitats and
soil conservation) and the delivery of ecosystem service benefits were also considered. The resulting framework provides an
objective tool for prioritizing sites for active restoration.

Keywords Active restoration - Analytical Hierarchy Process * Biological invasions * Ecosystem services * Invasive alien
plants - Urban ecosystems - Urban invasions

Introduction

Many invasive alien plants (IAPs) have negative impacts on
biodiversity and ecosystem functioning (Mack et al. 2000).
Managing IAPs and restoring invaded ecosystems can
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species by seed or propagated material after clearing IAPs,
and in extreme cases soil stabilization, landscaping and
engineering (Allen 1995; Holmes and Richardson 1999;
Holmes et al. 2000). Protocols for distinguishing when to
apply either of the restoration types are lacking.

Numerous studies have sought to prioritize areas and
species for IAP management, but most of these fail to
consider the role of restoration actions and the prior-
itization of these actions (Holmes and Richardson 1999;
Van Wilgen et al. 2007; Roura-Pascual et al. 2009; For-
syth et al. 2011). Where restoration has been prioritized or
included in IAP management studies, it has generally
focused on a single factor or a limited group of factors
(Esler et al. 2008). For example economic factors that
determine restoration priorities are sometimes included,
but overall restoration goals are not established (Beechie
et al. 2008; Tongway and Ludwig 2012; Richardson and
Gaertner 2013). Capturing the relative importance of
biodiversity or ecosystem services should be included as
benefits to be gained through restoration, as this may
justify expensive active restoration interventions (Gaert-
ner et al. 2012; Crookes et al. 2013).

Especially in urban ecosystems, managing invasive alien
species is complex and often controversial (Van Wilgen
2012; Dickie et al. 2013; Gaertner et al. 2016, 2017). The
challenge in prioritizing areas for active restoration is to
weigh up factors relating to biodiversity conservation
against those relating to other diverse benefits to society. A
decision-support method is required that satisfies specific
needs. This methodology should: (1) incorporate different
views; (2) be transparent, flexible and adjustable; (3)
incorporate a spatial approach; and (4) use data from dif-
ferent sources and scales. Multi-Criteria Analysis (MCA),
and more specifically Analytical Hierarchical Process—
AHP (Saaty 1990), satisfies all four criteria and is explored
in detail below. The AHP gives a problem a hierarchical
structure and identifies criteria for achieving a pre-
determined goal. Criteria are compared in a pair-wise
fashion in developing numerical weights, and are ranked
according to their relative importance in achieving the
established goal.

Incorporate different views

The process starts by defining the problem and agreeing
on a goal, and then divides the problem into different
levels of criteria and sub-criteria that are required to meet
the goal, thereby constructing a framework (Arroyo et al.
2015). The AHP can effectively incorporate different
stakeholder views and support a large number of alter-
native options which can be compared during decision
making (Malczewski 1999; Herath 2004; Forsyth et al.
2011; Orsi et al. 2011).

Transparent, flexible and adjustable

As new data become available and understanding improves,
rankings and weightings 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
priorities is participatory and transparent (Forsyth 2013). It
has also been found to be a flexible way of prioritizing areas
for invasive species management (Nielsen and Fei 2015).

Incorporate a spatial approach

Decisions concerning restoration and conservation actions
are spatially oriented (Rouget et al. 2003), and Le Maitre
et al. (2011) propose using spatial mapping for prioritizing
areas for restoration, which can in turn be used in moti-
vating funding allocations. This makes the identification of
restoration priorities more credible (Rouget et al. 2003). An
MCA can be used in conjunction with a geographic infor-
mation system (GIS) and georeferenced data (Cadenasso
and Pickett 2008; Orsi and Geneletti 2010). Indicators for
criteria or sub-criteria can be mapped and combined using
GIS; these can then be presented as a prioritization map.
The use of GIS in restoration planning is more efficient than
manual mapping and can combine data at a landscape scale,
using large data sets from many sources (Lee et al. 2002).

Use data from different sources and scales

Outcomes of IAPs management are usually not available
and managers need to rely on personal knowledge and
experience to make decisions (Parker-Allie et al. 2004).
There have been recent efforts to collate restoration data,
such as for forest restoration (Crouzeilles et al. 2016) but
the results and outcomes are of limited value (Suding 2011).
Often restoration data are focussed on specific ecosystems
or previous land-uses (Trujillo-Miranda et al. 2018). An
MCA approach was chosen to ensure that personal expertise
on restoration that is not reflected in publication and reports
is included in decision making (Parker-Allie et al. 2004).

This study aimed to inform management practices by
determining how best to prioritize active restoration efforts
following removal of IAPs, based on the experience and
knowledge of experts in the fields of restoration and invasion
ecology. We developed a tool for: (1) identifying areas
requiring active restoration; and (2) prioritizing such areas for
funding. Frameworks were developed using the AHP and
their utility is illustrated in a case study in city of Cape Town,
South Africa. In elucidating the methodology for Cape Town,
we provide the foundation for a decision-making tool for
prioritizing areas for active restoration which should be gen-
erally applicable to urban centres in different geographic
regions and across a range of spatial scales.
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Methods
Study area

The city of Cape Town (hereafter “Cape Town”) at the
southwestern tip of Africa is located in a global biodiversity
hotspot, the Cape Floristic Region (CFR). Many locally
endemic and threatened species and six locally endemic
vegetation types occur within the city borders (Holmes et al.
2012a). Fynbos and renosterveld shrubland are the domi-
nant vegetation types in CFR; both vegetation types are fire-
adapted. It is vital to maintain fire regimes for healthy
ecological functioning and IAP management (Van Wilgen
et al. 2012b), but fire poses a risk to people and infra-
structure in an urban environment which makes prescribed
burning more challenging than in rural areas.

Cape Town is home to varied landscapes and cultures,
and is a major economic centre with a rapidly increasing
human population. Urban expansion, agriculture and IAPs
are key threats to the loss of habitat and native biodiversity
(Rebelo et al. 2011), and have negative impacts on a variety
of ecosystem services, including water supply, soil retention
and recreation. Cape Town has a long history of species
introductions and management of invasive alien species, but
despite their negative impacts, some species provide bene-
fits to people, e.g. pines are planted for timber and wattles
are used as firewood (Potgieter et al. 2018). Conflicts
relating to their management can arise due to the different
stakeholder interests; this greatly complicates invasive
species management (Gaertner et al. 2016, 2017). The city’s
fine-scale systematic spatial conservation plan (Biodiversity
Network; Holmes et al. 2012a, 2012b) strives to meet local
and national biodiversity conservation targets. The city is
committed to conserving, managing and restoring priority
areas (Local Biodiversity Strategy and Action Plan
2016-2026, Strategic Objective 2).

Approach to developing frameworks

Facilitated stakeholder workshops were held with the goal
of developing two frameworks: (1) for the identification of
sites requiring active restoration; and (2) for prioritizing
those sites for restoration. Stakeholders were identified and
selected from various conservation departments that
research, plan and implement restoration.

To meet these goals, firstly ecological factors known to
influence restoration potential for terrestrial sites were
selected and secondly, factors considered important when
prioritizing and selecting areas for active restoration were
identified (Fig. 1).

Stakeholders selected the factors that would achieve the
above-mentioned goal according to the AHP method. This
involved the selection of three different levels of factors in
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the hierarchy. The first level is comprised of broad factors,
termed criteria. The second level (sub-criteria) are more
detailed sub-divisions of the broader criteria. The third level
is comprised of “categories”, which are the measurable units
of the sub-criteria. Categories were decided upon at the
stakeholder workshop, after agreeing on the data to be used
to evaluate criteria and sub-criteria. As an example, ‘Den-
sity of Alien Invasion’, a sub-criteria of the criterion ‘His-
tory of Invasion’, is divided into density categories of
<25%, 25-75% and >75% cover.

These overall framework criteria, sub-criteria and cate-
gories were then compared to each other using a pairwise
approach. This involved a facilitated deliberation exercise
whereby weightings for each of the criteria and sub-criteria
were established to denote their relative importance. Super
Decisions Software (version 2.4.0) was used to facilitate
pairwise comparisons by ranking and assigning weightings.
Inconsistent judgements were identified using a consistency
ratio (measured with a consistency index-CI) given by the
software: where the consistency ratio exceeded the gen-
erally accepted 0.1 limit, weightings were re-evaluated by
stakeholders and adjusted during the workshop until the
ratio was below 0.1.

Each workshop was attended by 11 participants and five
participants attended both workshops. Stakeholders were cho-
sen to represent restoration ecology researchers that inform
practice and policy and managers from various conservation
departments that plan and implement restoration. Most stake-
holders had experience with the social implications of IAP
control and restoration, either through their research or plan-
ning and implementation of IAP control. All stakeholders were
involved in setting the goal, developing the overall frame-
works, and selecting criteria and sub-criteria, and all stake-
holders did pairwise comparisons for the framework’s criteria,
sub-criteria and their categories. Experts that could not attend
the workshops were asked to compare and rank criteria, relat-
ing to landscape and 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) and a soil scientist ranked soil criteria. A researcher
working on invasion ecology and an ecosystem services expert
and a top-level manager in the City of Cape Town’s Invasive
Species Unit ranked ecosystem services. Final weightings
developed by stakeholders were assigned to spatial data layers
identified to represent criteria and sub-criteria.

For the prioritization framework, ecosystem service
provision and social considerations were also deliberated
and are discussed below.

Ecosystem service provision

Urban areas can be characterized by conflicting land use,
more so in cases where urban areas overlap with regions of
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Workshop 1

1.1 Identify active
restoration areas

1.2 Identify
appropriate data

1.3 Make suitability
map

L

Workshop 2

2.1 Prioritizing areas
for active restoration

2.2 Prioritize areas

2.3 Identify areas
important for
ecosystem service
provisioning

2.4 Select priority areas
based on Social model

Fig. 1 Logical work sequence illustrating the framework development
process, from the input of two workshops and spatial analysis to
produce an overall product for prioritizing areas for active restoration
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preliminary weighting of criteria and
factors
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score indicating need for active
restoration
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Prioritized for active restoration score

eFrom priority areas, providing
ecosystem services, select areas most
socially favourable

as outcome. These steps follow on after the key stakeholders have

Identify active restoration
areas map

Prioritization map

Areas prioritized
for active
restoration

Areas prioritized for active
restoration score

Ecosystem service
provisioning score

Priority areas for
active restoration,
including
ecosystem service

benefit

been identified. Each step in the process is explained by indicating the
roles of the stakeholders and researcher developing the framework.
Spatial analysis is conceptually illustrated in the right hand column
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high biodiversity (O’Farrell et al. 2012). Natural vegetation
is important for conserving biodiversity but also supports
ecosystem functions and their associated ecosystem services
(O’Farrell et al. 2012). When vegetation can be restored to
the benefit of society, projects are more likely to gain
general support and to be funded (Newman 2008). An
important assumption of this framework is that natural, non-
invaded areas provide the best sites for optimal ecosystem
service (Cadenasso and Pickett 2008). It is recognized that
invaded and other non-natural remnants can also provide a
level of ecosystem service provision (O’Farrell et al. 2012),
but our framework did not include this in the analysis.
Ecosystem services were used as indicators in deciding
the gross benefit that a restored, functioning ecosystem
could potentially provide. This in turn can be used to
prioritize 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 lower
service output. Data on areas that are important for various
ecosystem service provisioning were obtained from O’Far-
rell et al. (2012). These data layers were developed using a
rapid ecosystem service assessment for Cape Town to spa-
tially identify which ecosystems and land uses are important
for provisioning, regulatory and cultural ecosystem services.

Social considerations

It was recognized that certain social aspects would be
relevant in restoration prioritization for an urban setting.
Social criteria and sub-criteria were discussed, decided upon
and weighed through pairwise comparison by stakeholders.

Applying frameworks in Cape Town

The decision-making framework was applied to spatial data
using Analysis Tools in ArcMap (ESRI, version 10.2). Each
criterion and sub-criterion was assigned to the spatial data
layer that best represents the criterion, e.g. vegetation type is
represented by the map of remnants of indigenous vegetation
within the boundaries of Cape Town and the percentage of the
vegetation type remaining by the National Ecosystem Threat
Status map (Van Niekerk 2012). Using this spatial approach,
one can identify small patches with relatively homogeneous
characteristics. It should be noted that some of the currently
available data are at a coarse, national resolution.

Planning units were created by dividing city areas into
small sub-catchments as described by Maherry et al. (2013).
Although the size of these sub-catchments varied, we
restricted the minimum size to 25 m? which is considered a
practical unit for restoration planning, i.e. to establish small
nodes of restored vegetation to act as seed sources (P.M.
Holmes, personal observation). Sub-catchments were
intersected with the indigenous vegetation remnant map to
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create polygons with relatively homogenous slopes that
were small enough to be appropriate for on-the-ground
planning of active restoration. Sub-criteria consisted of
continuous or categorical data. Continuous data were mul-
tiplied by the weighting of the sub-criteria, while categories
had to be further compared pairwise to assign relative
weightings. Each category was then multiplied by the
category’s relative weighting.

‘Need for active restoration’ framework

The aim of this framework is to create a map that represents
the likelihood that a unit requires active restoration. The
attribute value of each criterion and sub-criterion was added
to the attribute table of the corresponding planning units’
map. All spatial layers were combined by summing the
weightings together and the resulting score ranged between
0 and 1. Higher values indicated a greater need for active
restoration whereas lower values meant that passive
restoration may still be possible or that very little active
restoration is required. This resulted in a map indicating
areas possibly requiring active restoration in Cape Town.

‘Prioritizing’ areas for active restoration

The aim of this framework was to create a map illustrating the
priority of units for active restoration. In a first step the same
units as were used in the ‘Need for active restoration’ frame-
work were used to combine spatial layers of the ‘Prioritizing’
framework by adding the attribute value of each criterion and
sub-criterion (as identified in the second workshop) to the
corresponding planning unit’s attribute table. ‘Prioritizing’
criteria and sub-criteria weightings were summed; values
indicate the relative priority score of a unit for restoration
(range: 0—1, with 1 representing the highest priority).

Two priority maps were produced. Firstly, a ‘Prioritiz-
ing’ map, considering only the ‘Prioritizing’ framework
criteria and sub-criteria (ranging between O and 1) was
derived, the second map involved combining (by summing)
the ‘Prioritizing’ scores with the ‘Need for active restora-
tion’ scores (ranging between 0 and 1). The sum of the two
scores denotes the ‘Active Restoration Priority’ (range
between 0 and 2).

Ecosystem service provision

‘Ecosystem service provision’ values were determined by
assigning values for each ecosystem service to the planning
units. ‘Ecosystem service provision’ criteria values were
assigned their weightings and summed to provide a score
indicating how important an area is in terms of providing a
gross benefit of ‘Ecosystem service provision’ (ranging
between 0 and 1). The ‘Ecosystem service provision’ score
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Table 1 Framework of the model used to identify areas needing active
restoration for Cape Town, South Africa

Criteria and sub-criteria Relative weighting (%)

Level-1 criteria Level-2 sub-criteria

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

Criteria and sub-criteria identified at a stakeholder workshop are listed.
Level-1 criteria are shown in bold; the relative weightings (%) indicate
the importance of these criteria compared to other Level-1 criteria.
Level-2 sub-criteria are sub-categories of Level-1 criteria; their relative
weightings (%) indicate their relative importance compared to each
other

was then summed with the ‘Need for active restoration’ and
the ‘Prioritizing’ to restore these areas to indicate the ‘Overall
priority’.

Sensitivity analysis

To test the sensitivity of the results, the results from the
‘Overall priority’ model were ranked from greatest need
(largest score) to least need (smallest score) and the top two
units were selected. Next, the score of each model was
ranked from largest to smallest and again, the two top units
were selected.

The values of the two highest weighted variables (one
each from Level-1 criteria and Level-2 sub-criteria) in each
model were changed (‘Need for active restoration’, ‘Eco-
system service provision’ score and ‘Prioritizing’) in turn
(ranging from O to 1). After each change in the weight, that
rank of the unit was noted. The result gave an absolute
value for a variables’ change in weighting that will change
the rank of units.

Goals and selected ranking criteria
‘Need for active restoration’ framework
The agreed goal was: To identify characteristics of invaded
natural sites that require active restoration to meet eco-

system biodiversity and/or ecosystem functioning targets.
Six criteria and nine sub-criteria were identified to achieve

this goal. Weightings for the ‘Need for active restoration’
framework are presented in Table 1. Table S1 in Supple-
mentary Material gives weightings of criteria, sub-criteria
and their categories that were compared and weighed by
experts. All criteria and sub-criteria are presented and dis-
cussed in detail in Supplementary Appendix 1.

‘Prioritizing’ areas for active restoration

The goal for prioritizing areas for active restoration was: To
improve resilience of the Biodiversity Network (ecologically
and socially) through an appropriate level of restoration
(i.e. restore ecosystem structure and functioning, composi-
tion and biodiversity, ecosystem services or revegetate with
indigenous species). The criteria and sub-criteria that were
identified to achieve the above-mentioned goal are pre-
sented in Table 2, along with their relative weightings as
decided upon by stakeholders. Table S2 in Supplementary
Material gives the weightings of sub-criteria and categories
that were compared and weighed by experts.

Ecosystem service provision

Ecosystem services and their weightings are listed in Table
3. Regulating services include critical infiltration areas,
flood mitigation zones, coastal protection, groundwater
recharge areas, groundwater yield and groundwater quality
(O’Farrell et al. 2012). Cultural services considered to be
most important were heritage, tourism and education.

Social criteria

Social criteria considered important in prioritizing remnants
for active restoration (Table 4) include: the legal status of
remnants (i.e. whether they are legally declared as a pro-
tected area) and the ability to maintain the gains (i.e. the
attitude of the community).

Results
Applying the approach to Cape Town

The major woody invasive plants in the (semi)natural
vegetation within the boundaries of Cape Town are species
of Acacia (wattles), Eucalyptus (gums), Hakea (hakeas) and
Pinus (pines) (Richardson et al. 1996; Gaertner et al. 2016).
Distribution of main woody invasive species is shown in
Fig. 2. Gums were given the highest relative weighting in
terms of impacting ecosystems and reducing natural vege-
tation recovery (65%), although these species cover a small
area (c. 3%) and are usually restricted to riparian areas
(Holmes et al. 2008; Van Wilgen 2012). Wattles carry the
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Table 2 Framework of the model to prioritize areas for active
restoration in Cape Town, South Africa

Criteria and sub-criteria Relative weighting (%)

Level-1 Level-2 sub- Level-3 sub-
criteria criteria criteria
Conservation status 48
% of vegetation type 59
remaining
CBA rank 41
Ecosystem functioning 38
Habitat diversity 64
Erosion 36
Slope 65
Soil erodibility 35
Physical attributes of 14
connectivity
Width 36
Adjacent habitat the same 34
Distance to uninvaded 30
habitat

Criteria and sub-criteria identified at an expert workshop are listed.
Level-1 criteria are shown in bold; the relative weightings (%) indicate
the importance of these criteria compared to other Level-1 criteria.
Level-2 sub-criteria are sub-categories of Level-1 criteria; their relative
weightings (%) indicate their relative importance compared to each
other. Level-3 sub-criteria are sub-categories of Level-2 sub-criteria
and their relative weightings (%) indicate their relative importance at
that level

second largest weighting in terms of species effects on
ecosystem recovery (28%) 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
and had the lowest relative weighting (7%) among woody
invasive species. Areas containing mixtures of species were
given the weighting of the species with the highest score.
Areas invaded by gums and wattles will have the highest
need for active restoration according to the framework
because their post-invasion areas are more vulnerable to
poor vegetation recovery.

Wattle invasions cover the largest area and impact
greatly on vegetation recovery but these areas are less
important in providing ecosystem services; they were hence
given the lowest average ‘Ecosystem service provision’
score, followed by areas invaded by hakeas, pines and
gums. Restoring areas invaded by gum, hakea and pine will
give the highest benefits in terms of gross ecosystem-service
provisions as these species generally invade mountainous
and some riparian habitats which are associated with the
delivery of many ecosystem services in Cape Town (espe-
cially water- related ecosystem services). Even though
invasions of gum, hakea and pine (and pines in particular)
threaten water-related ecosystem services, they also provide
positive ecosystem services in some cases, such as where
gums provide nectar for commercial honey bees and

@ Springer

Table 3 Results of ‘Ecosystem service provision’ framework and their
relative weightings (%) as scored by experts during a workshop, which
were used to develop a framework for prioritizing areas in need of
active restoration in Cape Town, South Africa

Criteria and sub-criteria Relative weighting (%)

Level-1 Level-2 sub- Level-3 sub-
criteria criteria criteria
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

Level-1 criteria are in bold with the relative weighting (%) indicating
their relative importance compared to other Level-1 criteria. Level-2
sub-criteria are sub-categories of Level-1 criteria and their relative
weightings (%) indicate their relative importance compared to each
other. Level-3 sub-criteria are sub-categories of Level-2 sub-criteria
and their relative weightings (%) indicate their relative importance at
that level

Table 4 Social criteria and sub-criteria that are important to consider
when selecting areas to actively restore

Criteria and sub-criteria Relative weighting (%)

Level-1 criteria ~ Level-2 sub-
criteria

Legal status 83

Protected: in perpetuity 72
Protected: not in perpetuity 17
Conservation area 11

Ability to maintain gain 17

Community attitude 63

Current level of community 37
engagement

The Social framework and their relative weightings (%) as scored by
experts during a workshop, which were used to develop a framework
for prioritizing areas in need of active restoration in Cape Town, South
Africa. Level-1 criteria are in bold with the relative weighting (%)
indicating its importance compared to other Level 1 criteria. Level-2
sub-criteria are sub-categories of Level 1 and their relative weightings
(%) indicate their relative importance compared to each other in Level-
2 criteria

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 resources (Allsopp
and Cherry 2004; DEA 2015).



Environmental Management (2018) 62:1150-1167

1157

N

A

Legend

Species
Wattle

- Gums
I Pine & Hakea

South Africa

City of Cap€ Town

20 Km
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Density of invasion varied between 0% (uninvaded) and
97% invasion. Densely invaded areas are few according to
current data. Uninvaded areas (<25% cover and 10%
weight), occupy about 72% of the Biodiversity Network
area, and invaded areas occupy 28%, of which 4% is den-
sely invaded and the remainder cover between 25 and 75%.
The 4% portion will mostly be targeted for active restora-
tion and priority for restoration will depend on ecological
‘Prioritizing’ criteria.

The Biodiversity Network habitat condition map was
used as a proxy for the remaining native vegetation. Most
remaining vegetation is classified as being high (11%
weighting) to medium (23% weighting) quality habitat,
indicating good sources of propagules for vegetation
recovery once invasive alien species have been cleared.
Most poor habitat quality sites (66% weighting) are those
isolated within an urban matrix, not formally protected or
managed. Poor quality sites will need the most active
restoration (Figs. 3 and 4).

Lowland fynbos is typically found on deep sands,
whereas mountainous areas have steep slopes and shallower
soils: the former was allocated a higher priority for active
restoration. The steep and shallow soils do, however, not
coincide with the most erodible soil, based on their k-
values. The most erodible soils are soils in the lower lying
areas, having less need for active restoration based on soil
depth and slope criteria.

Vegetation remnants with the highest ‘Ecosystem service
provision’ scores (Fig. 5) are situated around the mountai-
nous areas of the Cape Peninsula and to the far east of the
city boundaries within critical infiltration areas, flood miti-
gation zones and close to the city’s heritage sites (criteria
with highest weightings). When looking at the distribution
of scores across the ‘Ecosystem service provision’ map
(Fig. 5), ‘Prioritizing’ (Fig. 6), and ‘Overall priority’ map
(Fig. 7), they show the same pattern of highest scores being
focussed in the periphery of the city where large con-
servation areas are situated.

Sensitivity analysis

‘Need for active restoration’ framework

Variables with the highest weightings were 'Species' and
'Density of invasion'. Changing the weightings of 'Density
of invasion' or the weightings of 'Species' did not change the
rank of units. This indicates a robust framework in terms of
criteria having the biggest influence in the model.

‘Prioritizing’ framework

The highest weighted variables for ‘Prioritizing’ areas for
active restoration were the 'Conservation status' and
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'Percentage of remaining vegetation'. Changing 'Conserva-
tion status' and 'Percentage of remaining vegetation' did not
change the rank of the units. This means the model is
robust, even when considering Level-1 criteria.

‘Ecosystem service provision’ framework

The highest weighted variables for the ‘Ecosystem service
provisioning’ framework were 'Education’ and 'Regulating
services'. Changing 'Education’ did not change the rank of
the units. 'Regulating services' had to be increased by 5% to
change the rank of units (ranks changed from when
weightings were >0.6). At weightings <0.6 ranks did not
change. The ‘Ecosystem service provision’ model is there-
fore robust at Level-2 sub-criteria, but the Level-1 criteria
will induce bigger changes in model results when weight-
ings are changed, as illustrated with changing 'Regulating
service’s' weighting.

Discussion
Utility of the presented approach

This study introduces a novel application of AHP into
restoration prioritization by applying it to areas degraded by
IAP.

Active restoration is much more resource intensive than
passive restoration. In some cases, however, expensive
active restoration interventions may be justified to increase
native biodiversity, ecosystem services or social benefits.
The framework developed here can identify areas where
such interventions should be considered. Another applica-
tion of the framework could be to identify and restore areas
with the lowest need for active restoration first, and con-
currently restoring those high priority areas needing active
restoration, justified by their conservation status and/or
ecosystem service provisioning. The AHP method adds the
scores of multiple ecosystem services, thus motivating the
allocation of resources for restoration not for a single ser-
vice, but with the aim of selecting areas that provide
either a ‘bundle’ of services or one or two important
services (Bennett and Balvanera 2007; Trabucchi et al.
2012). The method provides a holistic, multi-benefit
approach whereby restoration of remnants is prioritized
based on ecosystem services provision, conservation status
and habitat condition.

The frameworks developed in this study are intended to
be used as tools for invasive species-control planners and
biodiversity managers enabling them to improve restoration
outcomes by identifying and prioritizing areas for active
restoration. By applying these frameworks, limited IAP
control resources can be more efficiently allocated. The
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prioritization framework and methodology has been
recently presented to managers Cape Town reserves and
received positive response for future utilization in prior-
itization restoration areas (Biodiversity Management
Branch personal communication).

Analytical Hierarchy Process, a key component of the
frameworks, provides a transparent and flexible way to
structure and weigh criteria to reflect their importance.
AHP, as applied in this study, relied on experts (man-
agers, planners and scientists) to select and weigh criteria
to identify and prioritize areas for restoration, as done in
other studies (Newman 2008; De Feo and De Gisi 2010;
Delgado-Galvan et al. 2014). Weightings typically differ
depending on the stakeholders involved. A team com-
prising researchers, conservation managers and decision-
makers who plan and implement restoration were invited
to ensure a diversity of perspectives. There is some level
of subjectivity involved in the selection and weighing
procedure (Arroyo et al. 2015) but the method is set out
clearly in the framework, making decisions defensible and
justifiable (De Lange et al. 2012). Comparing criteria and
sub-criteria enables relative comparison without con-
sidering the absolute units of criteria (Ishizaka and Labib
2009). Additionally, dividing a problem into different
components (in this case criteria) and doing pairwise
comparisons is easy and comes naturally to decision
makers (Arroyo et al. 2015).

The use of GIS in restoration planning is efficient at a
city scale and can integrate data at a landscape scale, thus
allowing datasets from many sources to be combined (Lee
et al. 2002). Sources of data can be qualitative or quanti-
tative, and can be collected from different geographical
scales using different methods (Brown et al. 1998; Beechie
et al. 2008; Consorte Widis et al. 2015). More resources
should be spent on developing spatially accurate data sets
for criteria with the highest weightings to ensure that the
method is applied effectively and accurately. Spatial data on
levels of disturbance are not available even though a deci-
sion rule could be developed to some extent from National
Land Cover Data for South Africa (https://egis.
environment.gov.za/national_land_cover_data_sa; Details
of source data are listed in Tables S3—S5 in Supplementary
Appendix 1). However, this information would be of more
value to consider at a site scale when investigating which
areas within a site to restore.

Some restoration prioritization studies use more species-
specific data and complex analysis techniques and are scale
specific, for example studies that focus on landscape con-
nectivity (Tambosi and Metzger 2013; Volk et al. 2018).
Area prioritization algorithms such as those used for sys-
tematic conservation planning have been used for restora-
tion prioritization but were not applicable in this study
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(Zafra-Calvo et al. 2010), since Cape Town’s systematic
conservation plan (the Biodiversity Network) was included
as a criterion in the model. Advances have been made to
make optimization techniques used in operation research
more accessible to landscape planners but such programs
were nonetheless considered too complex for application by
the intended users of the prioritization protocol developed in
this study (Ager and Meznarich 2014; Rappaport et al.
2015). Our approach is effective in that it combines data
from a variety of sources and scales in a relatively straight
forward way, making the approach suitable for land man-
agers who do not have access to more data and analytically
complex prioritization methods.

Although the value of the frameworks is constrained by
lack of some data features, both frameworks can be updated
with new data as this becomes available. A strength of the
approach is its flexibility—the weightings of services can be
changed as demands and values change. These frameworks
can thus be adapted for use in areas other than in the case
study presented in this paper. Furthermore, the weightings
and rankings can apply in areas with similar ecological and
socio-economical characteristics (De Lange et al. 2012).
The frameworks can also be modified by adding or
removing criteria depending on the nature and dynamics of
ecosystems that need restoration. As an example: in
nutrient-poor environments such as fynbos, legacy effects
from IAPs in the form of increased nutrients often lead to
poor vegetation recovery (Yelenik et al. 2004; Marchante
et al. 2008). This weighting may decrease when applying
the framework to less nutrient-poor ecosystems. Model
results can be confirmed by ground-truthing areas with high
priority for active restoration scores, to determine the degree
of congruence among spatial data, model results and reali-
ties (Consorte Widis et al. 2015). Ground-truthing results
can potentially lead to the refinement of the model and also
provide justification to adjust model weightings (Consorte
Widis et al. 2015). Future models will also benefit from
improved post-clearing monitoring and reporting results
from restoration efforts, both active and passive (Wortley
et al. 2013; Zhang et al. 2018).

The presented frameworks focussed on ‘Need for active
restoration’, ‘Prioritizing’ and ‘Ecosystem service provi-
sion’. These criteria are useful for making defensible deci-
sions for allocating funding towards restoration in cities,
and they also identify new priority areas where restoration
projects need to be initiated. Social criteria were not applied
to the framework spatially, but can be applied to a final list
of prioritized fragments or protected areas to refine the
selection process. Both the protective status of a site and the
level of community support towards a restoration project
should determine the ultimate success and sustainability of
outcomes.
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Learning from the application of the frameworks to
Cape Town

Areas in need of restoration were prioritized for manage-
ment according to the restoration goals for Cape Town.
Different areas were selected based on different combina-
tions of goals (there may be some overlap among selected
areas). As an example looking at the vegetation types:
considering ‘Need for active restoration’ and the ‘Prior-
itizing’ factors, Lowland Fynbos, Renosterveld, Sandstone
and Strandveld are ranked the highest but when also con-
sidering the ‘Ecosystem service provision’, Forest, Mid-
slope- and Sandstone Fynbos are ranked highest. This
shows that setting a clear goal at the onset of management
planning can impact the management decisions and sub-
sequent outcomes.

When looking at the ‘Need for active restoration’ score
(Fig. 4), the maximum score reached was 0.53. In general, it
was expected that some areas would have scores closer to
the maximum (1.00). The low score is probably due to the
overall low densities of IAPs.

The ‘Ecosystem service provisioning’ scores provided
further motivation to conserve natural vegetation remnants,
and to restore invaded and degraded vegetation to an eco-
logically functional state. Ecosystem service provisioning is
important in an urban context, and is gaining favour
restoration world-wide (Wainwright et al. 2018). Develop-
ing countries which have biodiversity hotspots and where
these are experiencing intense land use conversion pressures
can prioritize restoration in ecosystem service hotspots to
ensure that funds are applied efficiently, to provide the most
benefit to society. Currently, certain regulatory and cultural
services have been mapped, but as other ecosystem services
become important, they can be added to the framework.

Limitations

Fine-scale data collected by managers were only available
for formally protected areas (complete for 2013), while data
on alien plant distribution for the rest of the city had to be
gleaned from a national data set (Kotz¢ et al. 2010) and a
basic city-scale survey from 2009. From this is clear that
limitations to data used during decision making should be
acknowledged when assessing outcomes.

Analytical Hierarchy Process assumes independence
among alternatives and criteria (Ishizaka and Labib 2009).
Alternatives in this case are not strictly independent as there
are clear dependencies among the selected ecological cri-
teria. The Analytical Network Process (ANP), a more
general form of AHP, can be used to solve this problem, but
this approach requires many complex considerations for
decision-makers (Ishizaka and Labib 2009). During the
workshops, criteria and sub-criteria were also weighted,

without considering the effects that criteria might have on
one another.

Priorities for future work

Research should focus on monitoring areas that have been
both actively and passively restored to assess which
assumptions and predictions hold true, and what adjust-
ments need to be made to this prioritization framework
(Nilsson et al. 2016). However, we believe that the two
frameworks presented here provide us with a clear and
transparent approach for establishing restoration priorities,
and enable us to consider and integrate multiple aspects
relating to conservation and restoration, namely: biodi-
versity, ecosystem functioning, ecosystem services, and
social and political issues, into decision making.

Conclusion

AHP was successfully applied to develop a framework to
firstly identify areas for active restoration after IAP clearing
and secondly to prioritize areas for active restoration. The
utility of the framework was illustrated using Cape Town as
a case study. The method draws in the experience of experts
that is not always reflected in the scientific literature. The
framework provides a transparent and flexible method for
aiding decision making and can be used as a tool for
focussing restoration efforts.
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