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Abstract

The relationship between species distribution and environment has always been a central issue in
ecology. The primary aim of this thesis is to explore the role of abiotic and biotic factors in mediating
the distribution of woody plants, particularly invasive alien species. Predictions of the future
distribution of invasive species are required for management, conservation actions, and legislation.
Using predictive geographical modelling, this thesis assesses the role of spatial scale in understanding
the determinants of species distribution, modelling invasion spread, and taking conservation decisions.

The species distribution databases were collated in a Geographic Information System from
various soun;es (from field mapping to remote-sensing data), and at various spatial scales (from local
to sub-continental). Classification and regression trees, a flexible non-parametric statistical technique,
were developed for each case study. I show that static modelling approaches, such as classification
trees, are appropriate for modelling species distribution at regional to sub-continental scales. More
mechanistic approaches, which include biological attributes, are required for accurate modelling of
species abundance at local scale. A hierarchy of environmental factors was observed. Abiotic factors
such as climate were more important for modelling species distribution at broad scales, whereas biotic
factors were the fine-scale drivers of species distribution and abundance. This highlights the scale-
dependence of prediction accuracy and of environmental drivers.

Predictive habitat modelling was also applied to modelling future land use changes (including
invasive alien species) in the context of conservation planning for the Cape Floristic Region. Effective
conservation planning requires a detailed assessment of current land use patterns and future land use
scenarios. Conservation planning is generally derived at regional scale but implementation takes place
at finer scales. I investigated the transition from broad-scale planning to fine-scale implementation.
This work emphasises the importance of diverse and fragmented habitats in measuring conservation
value.

This thesis concludes by linking predictive habitat modelling, species determinants, and

application types to the spatial scale analysed.
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Chapter 1

Introduction

This chapter provides the motivation for the work, discusses the main objectives, and gives an

overview of the set of studies that make up the thesis.

Background and Objectives

This thesis aims, primarily, to develop a protocol for modelling the spatial patterns of plant species
(particularly invasive species) at different spatial scales. Invasion by non-indigenous organisms has
been recognised as the second major treat to biodiversity after direct habitat transformation worldwide
(Wilcove et al., 1998). Over the last 50 years, and particularly in the last 20 years, invasion ecology
has grown as a new discipline (Elton, 1958; Drake et al., 1989; Williamson, 1996; Groves et al., 2001)
but its ability to predict which species will invade and in which habitats has been generally limited.
The effect of environment, which is the most important factor for explaining patterns across a wide
range of systems, has prevented the formulation of general answers, at least at scales that are helpful to
managers (Rejmének et al., in press). This thesis explores the role of environmental factors in
mediating the distribution and the spread of invasive alien plant species in South Africa. Invasion by
alien plants provides a superb natural experiment for exploring species-environment relationships and,
thus, for inferring process from pattern. Natural experiments are also the only way to address large-

scale ecological processes.

The issue of scale is a central problem in ecology (Levin, 1992). The scale of observations influences
the description of ecological patterns and notably the understanding of plant distribution. Relatively
few studies have analysed the same ecological phenomena at multiple spatial scales. Cross-scale
studies are critical since ecological processes operating at many scales interact to affect community
structure and composition. This motivated the need for assessing the effects of spatial scale in
modelling species distribution. The thesis is therefore structured around several case studies that
consider invasions of alien tree species at different spatial scales (from local to sub-continental, see
Table 1). This thesis also addresses the issue of spatial scale in conservation planning, which requires
detailed assessment of biodiversity features and land use pressures (including invasion by alien plant
species). The scale at which these components are mapped greatly affects the outcomes of

conservation planning, but this has been rarely addressed (Margules and Pressey, 2000).
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Table 1: Spatial scales and main characteristics of case studies explored in this thesis.

Study area Scale Extent Resolution Characteristics
(km’) (m)

Agulhas Plain Local 2200 250 Small region encompassing one to
several plant communities

Catalonia Regional 32000 180 Medium-size region encompassing a
wide range of environmental conditions

Cape Floristic Regional 88000 {700 Moderately large region encompassing a

Region single biome

South Africa  Sub-continental 1.2 10° 1700 Very large region encompassing several
biomes

Models of invasive plant spread were recently developed for South Africa but they apply to fine-scale
studies (< 500 km?) and none address invasions at regional or sub-continental scales (Higgins et al.,
1999, 2001). In order to understand the role of abiotic and biotic factors on species distribution
patterns across various spatial scales, a statistical approach appeared more appropriate than a
mechanistic one (Guisan and Zimmerman, 2000). Statistical habitat distribution models relate the
geographical distribution of species to their present environment. Such models are static and
probabilistic by nature. Static modelling approaches, focussing on identifying constraints, work best
on large data sets, and are easy to implement in a Geographic Information System (GIS). The fitted
model generated from the statistical analysis can be directly implemented into the GIS to derive maps
of potential distribution. This approach also enabled me to identify the abiotic and biotic factors that
limit or favour the spread of invasive organisms at various spatial scales. Information on the drivers of
invasion operating at a local scale is needed by managers responsible for maintaining biodiversity in
specific plant communities. On the other hand, information on the drivers operating at broader scales
are needed for setting policies and legislation which are applicable over much larger areas (typically

regions or countries).

Most of this work (except for Chapter 2) is based on case studies in South Africa, particularly in the
Cape Floristic Region. Alien plant invasions (along with urbanisation and agriculture) are threatening
biodiversity in the Cape Floristic Region, a global hotspot of biodiversity (Myers et al., 2000).
Biological invasions have been relatively well studied in this area (see recent reviews by Richardson et
al., 1997; Richardson and Higgins, 1998). The Cape Action Plan for the Environment (Cowling et al.,
1999; Cowling and Pressey, in press), as well as the Forestry Inventory of Catalonia, generated vast
amounts of data, which were used in this thesis. This provided excellent opportunities for exploring
the determinants of species distribution, and the effect of spatial scale in modelling species distribution

and in conservation planning.
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Thesis structure

This thesis is organised as a series of scientific papers, each with its own aims, methods, and
conclusions. The issues addressed in some parts of chapters 4 and 6 might deviate from the core
subject of the thesis. All chapters, however, contribute to the overall aim of the thesis by focussing on
modelling current and potential patterns of species distribution, or by addressing the issue of spatial

scale.
Overview

Chapter 2 explores the determinants of distribution, abundance and regeneration for six Pinus species
in part of their native range in northeastern Spain. This study quantifies plant-environment
relationships at a regional scale (30 000 km®) and introduces the statistical modelling approach used in
the next chapters. Predictive geographical modelling recently gained importance following the
development of new statistical techniques, improved computational capabilities, and geographic
information systems (Guisan and Zimmerman, 2000). In this chapter, the role of abiotic and biotic
factors is assessed for predicting spatial patterns of species distribution, abundance and regeneration.
Chapter 3 also explores the determinants of plant species distribution and abundance for the three
most widespread invasive species in the Agulhas Plain (2 160 km®): Acacia cyclops, A. saligna, and
Pinus pinaster. The spatial scale (local vs. regional) and the type of species modelled (invasive vs.
native species) are different to those examined in Chapter 2. This chapter tests the ability of static
modelling (used in Chapter 2) to predict future patterns of invasive plant spread at a local scale.
Propagule pressure (defined as the proximity from sites of initial introduction) is incorporated into the
models to quantify the interactions between spread rate and environment. Such models are “quasi-
mechanistic” because they integrate biological attributes (species dispersal modelled through
propagule pressure). This chapter highlights the role of plant-environment interactions in determining
the trajectory of invasions.

Chapter 4 brings the issue of invasive plant species into conservation planning. Effective
conservation planning requires the spatially-explicit assessment of the current patterns of habitat
transformation and a framework for predicting the likelihood of remaining habitat being transformed
(Margules and Pressey, 2000). This chapter assesses the present and future extent of three important
factors that threaten biodiversity in the Cape Floristic Region (80 000 km?): agriculture, stands of
invasive alien trees, and urbanisation. I identified the spatial determinants of each transformation
factor and then compared two modelling approaches (rule-based and statistical modelling) for
predicting future patterns.

Chapter 5 provides a spatially-explicit risk assessment of invasive woody plant species at a sub-

continental scale. Objective methods for identifying areas where control measures should be focussed
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are required by managers, planners and policy-makers. Using regression tree-analysis and GIS, |
developed maps of future invasion potential for South Africa and derived spatial guidelines for policy
on alien plant management.

Chapter 6 focuses primarily on the effects of spatial scale in conservation planning for the Agulhas
Plain (2 160 km®). Regional conservation planning is based on broad-scale data but fine-scale
assessments are generally required for implementation. This transition from broad-scale planning to
fine-scale implementation has been rarely addressed. Two systems of notional reserves developed for
this region using broad- and fine-scale data provided the unique opportunity to measure the
implications of moving from broad- to fine-scale conservation planning. For each scale, | identified
the factors affecting conservation value and reserve design efficiency. This chapter illustrates
conditions where the adverse effects of broad-conservation planning are likely to be severe.

Chapter 7 collates the information from Chapter 3, 4 and 5, and quantifies the roles of environment
and propagule pressure for understanding invasion patterns at different spatial scales. | identified
determinants of distribution of invasive species using regression-tree analysis. This chapter concludes

by highlighting the scale dependence of environmental determinants and of prediction accuracy.
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Chapter 2

Determinants of distribution of six Pinus species in Catalonia, Spain

Abstract

This chapter explores the determinants of distribution, abundance and regeneration of six Pinus
species (P. halepensis, P. nigra, P. pinaster, P. pinea, P. sylvestris, and P. uncinata) that occur
naturally in Catalonia, northeastern Spain. The aim of this study was to generate accurate predictions
of the distribution of each species using simple and readily available environmental variables. I usec
recursive partitioning and GIS analyses to relate the database of 10 600 field plots from the Forestry
Inventory of Catalonia with abiotic and biotic characteristics of each plot. I present general patterns of
distribution, dominance and regeneration for the six species and then focus on P. halepensis, the most
abundant pine species in the western Mediterranean Basin. For all six species, the models correctly
classified more than 80% of the distribution using abiotic factors, mainly altitude and rainfall
variability. Biotic factors such as the basal area of other pine species were necessary to accurately
predict patterns of pine species dominance. Biotic factors, especially the basal area of evergreen
species (mainly Quercus ilex), were of overriding importance when predicting patterns of seedling
occurrence. Potentially important factors such as land use and fire history were of little significance
for predicting distribution at the scale of this study. The models failed to predict accurately which
species (and in which number) co-occur with P. halepensis. Factors not included in this study, such as
stand age, disturbance (cutting, clearing) and other human-induced factors, are probably the main

determinants of co-existence patterns.

Introduction

In total, ten species of Pinus occur naturally in the Mediterranean Basin (including the Canary
Islands), where they make up an important component of the vegetation over large areas. Pine-
dominated ecosystems cover about 5% of the total area of this region and about 25% of the forested
area in the region (Barbéro et al., 1998). Mediterranean pines occupy a wide range of substrata and
grow mainly in humid and sub-humid climate types (annual rainfall > 600 mm (Quézel, 1985). They
often occur in harsh environments (e.g. Pinus halepensis at the edge of the Sahara Desert; P. uncinasa
> 2300 m in the Pyrenées). The most abundant and widespread species in the region are the closely
related and ecologically-similar P. brutia (in the east) and P. halepensis (in the west) which together

cover 6.8 million ha. Other species that cover large areas are P. nigra (3.5 million ha), P. pinaster (1.3
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million ha) and P. pinea (0.3 million ha). The remaining Pinus species together cover another 0.3 million
ha (Barbéro et al., 1998).

In the Mediterranean Basin, the distribution of pines especially the most abundant and widespread
ones, has been greatly affected by human activities over thousands of years. The role of humans in
structuring pine forests is quite different in northern and southern parts of the region. For example, the
area of pine forests (especially P. halepensis) has declined considerably in the Maghreb area as a
result of clearing of forest for cultivation, cutting for various purposes (feeding of livestock, house
building, charcoal), overgrazing and frequent fires (Quézel, 1980; Barbéro et al., 1990). In contrast,
the area of pine forests is increasing rapidly in many parts of southwestern Europe where pines behave
as invaders (early maturity, large seed crops, good germination success), occupying the abandoned
fields resulting from the "set-aside" policy of the European Union (Acherar et al., 1984). Land use
changes have also created many environmental and management issues with regard to pines.
Outbreaks of insect pests have devastated planted, rather than natural, pine stands due to planting on
inappropriate sites and inappropriate selection of provenances (Barbéro et al., 1998). Fires have caused
major damages in pine-dominated ecosystems as a result of changes in fire regime (Agee 1998). In the
1980’s, up to 550 000 ha yr' of Mediterranean forest and shrublands burned over. Only 2% of the
affected area was ignited by lightning (Trabaud et al,, 1993).

The broad-scale distribution of pine species across the Mediterranean Basin can, to a large extent, be
accounted for by the division of the environment into étages; vegetation belts defined on the basis of
topography, altitude and regional climate (see Quézel, 1974; Barbéro, 1998 for descriptions of the
concept). Knowledge of the distribution of pines at different scales in their native habitat is important
for many reasons, including: 1) changing conditions in the region as a result of changing land use and
climate; 2) an increasing demand for the products and services supplied by Mediterranean pines both
within the Mediterranean Basin and in other parts of the world; and 3) to shed light on invasions of

Mediterranean pines in others regions (Richardson et al., 1994; Richardson and Higgins, 1998).

Catalonia in northeastern Spain has a rich native pine flora and comprises, within a relatively small
area (31 930 km? or about 1.4% of the entire Mediterranean Basin as defined by Barbéro et al., 1998),
a wide range of environmental conditions and land use classes. The six pine species that occur in
Catalonia are, in order of decreasing area occupied: Pinus sylvestris, P. halepensis, P. nigra, P. pinea,
P. uncinata and P. pinastef. The six species show very different distribution patterns due, among
others, to the range of habitat conditions and the various and complex influences of humans over
thousands of years. The existence of an extensive data base, incorporating results from 10 600 forestry
plots throughout the region, for the distribution, abundance (basal area) and regeneration potential for

all trees in Catalonia (see below) enabled me to explore the determinants of distribution of native pines
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in more detail than has been done in any other part of the Mediterrancan Basin. The aim was to
develop simple predictive models of the distribution, abundance and regeneration patterns of each
Pinus species in Catalonia. For each Pinus species I used an hierarchical approach to relate
environmental factors with: (1) the distribution of the species at the regional scale; (2) the basal area
and relative abundance (dominance) of species within their respective environmental envelopes (i.e.
where the species is predicted to occur based on environmental factors); and (3) the factors that
distinguish sites where different Pinus taxa occur as adults from sites with prolific regeneration (large
number of seedlings). I present the broad patterns for all Pinus species and then focus on P.
halepensis, the most abundant pine species in the western part of the Mediterranean Basin. I also
explore the distribution (presence and dominance) of P. halepensis in relation to the presence and

relative abundance of other woody taxa (including other pine species).

Methods
Study site

Catalonia in northeastern Spain (31 930 km®), comprising the provinces of Barcelona, Girona, Lleida,
and Tarragona, is bounded on the north by the Pyrenees Mountains, on the west by the region of
Aragén, and on the east by the Mediterranean Sea. The climate is mainly mediterranean with mild
winters, and warm and dry summers. The Pyrenées mountains, reaching altitudes of over 3000 m
create sharp topographical-climatic gradients where Mediterranean-type biomes gradually change to
temperate, boreal-like (subalpine) and tundra-like (alpine) types, corresponding to the euro-siberian
and boreoalpine phytogeographic regions. Furthermore, the increase in continentality and the decrease
in rainfall from the coast to the central plains create another major gradient from a humid climate with
warm winters (January minimum mean temperature of 1.5° C and mean annual precipitation of 750
mm) to a semi-arid Mediterranean climate with cold winters (January minimum mean temperature of —
2° (), low annual rainfall (300-400 mm) and dominance of shrub subdesertic vegetation types.

Evergreen forests mainly dominated by Quercus ilex generally constitute end-points of many
successional series (Barbéro et al., 1990; Polunin and Smythies, 1997). Most of Q. ilex forests have
however been markedly degraded. A typical degradation stage is the maguis, brought by clearing,
intensive cutting, grazing and frequent fire (Polunin and Smythies, 1997). Large parts of the forested
area in Catalonia are dominated by Quercus ilex and Pinus halepensis in different mixtures. The
structure and dynamics of these forests are determined mainly by water availability and time since
disturbance (Espelta et al., 1992; Gracia and Retana, 1996).
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Human activities became a pervasive factor in the vegetation dynamics in the region during the

Roman Empire and have remained so ever since. Forests were exploited for wood (building houses

and ships), wood charcoal, hunting and sheep, goat and cow grazing. The increasing human population
in the region, especially in the 20™ century, led to increased exploitation and associated impacts.
Furthermore, forest dynamics has been influenced by the abandonment of large areas of cropland and
grassland, followed by their colonisation by trees. The increase in industrial activities, recreational
uses of forests, vehicle traffic, and the increasing incidence of ignition has changed the fire regime: the
number of fires recorded per year has increased continuously from 1968 (Pifiol et al., 1998). Fire-

return times range from <25 years in some counties to >1000 years in others, depending on climate.

The data set

Forestry inventory

The forestry inventory of Catalonia (IFEC) is a database of 10 500 circular sampling plots (10 m
radius) distributed throughout the region. Sampling was done between 1988 and 1994 at a density of
one plot per km’ of natural or managed forest. All trees with diameter at breast height above 5 cm were
recorded. When more than five tree species occurred within the same sampling unit, only the five most
abundant species were recorded (the case in less than 5% of the plots). The IFEC includes
observations on 95 tree species (of which 33 are present in more than 10% of the plots) distributed into
43 genera (of which 17 are present in more than 10% of the plots). Genera with the greatest numbers
of individual trees in the sampling plots were, in decreasing order of importance: Pinus (6 species),
Quercus (13 spp.), Acer (6 spp.), Fagus (1 spp.), and Arbutus (1 spp.). The most abundant species
were Quercus ilex (present in 18% of the sampling plots), Pinus sylvestris (13%), P. halepensis (11%),
P. nigra (8%), and Q. pubescens (8%). For each representative tree of each diameter class, was
recorded: species name, diameter, and basal area. For one fifth of the plots, the database also includes
regencration data (number of seedlings per m?) (see Gracia et al., 1997 for a more detailed
presentation of the IFEC). For each sampling plot, I computed the basal area of all evergreen specics,
the basal area of all deciduous species, the basal area of all Quercus species, and specifically that of Q.
ilex, and the basal area of each Pinus species. For the regeneration data set, I recorded the following
additional variables: total number of Quercus and Pinus seedlings per m* (see Table 1 for a list of

factors used).

10
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Table 1. List of potential predictors used to generate regression trees to explain the distribution of six Pinus species
in Catalonia, Spain. Score value is a crude indicator of the relative importance of each variable summarised over all
six species. Scoring was done as follows: when the variable was the first factor to explain the species distribution, a
score of 4 was given; when it was the second factor, score of 2; the third factor, score of 1, the fourth factor, score of
0.5, The same factor can be used several times in the FIRM analysis. The most important factors are shown in bold.

Predictors Abbreviation Score

Distribution  Dominance  Regeneration
Topography
Altitude ALTI 19 4 0
Slope SLOPE 0 0 0
Aspect ASPECT g 0 0
Solar radiation SOLRAD 0 0 0
Climate
Total rainfall RN-AN 2 3 Y
Winter rainfall RN-WIN 11 5 4
Spring rainfall RN-SPG 11 6.5 0
Summer rainfall RN-SUM 3 0 0
Minimum annual temperature TMP-AN 0 0 0
Minimum winter temperature TMP-WIN 2 2.5 0
Minimum spring temperature TMP-SPG 0 1 0
Maximum summer temperatare TMP-SUM 0 0 0
Land use LDUSE 0 0 0
Geology GECL 3.5 1 0
Fire FIRE 0 0 0
Species interaction
Basal area of evergreen species BA_E 2 2 10
Basal area of deciduous species BA_D 4 6 0
Basal area of Quercus species BA_ 0 10 0
Basal area of Q. ilex BA_ILEX 0 2 0
Basal area of Pinus species BA_PINUS 2 i6 0
Basal area of P. halepensis BA_HAL 0 0 1
Basal area of P. nigra BA_NIGRA 0 0 0
Basal area of P. pinaster BA_PINAS 0 2.5 0
Basal arca of P. pinea BA_PINEA 0 0 0
Basal area of P. sylvestris BA_SYLV 0 5 4
Basal area of P. uncinata Ba_UNCI i 0 0
Number of Quercus seedlings Q_SEED - - 6.5
Number of Pinus seedlings P_SEED - - 2
Other seedlings O_SEED - - 0

set, I recorded the following additional variables: total number of Quercus and Pinus seedlings per m’ (see
Table 1 for a list of factors used).

Environmental variables
A climate model (Ninyerola et al., 2000) was used to generate layers of monthly precipitation and monthly
minirmun and maximum temperatures for the entire study area. The climate model was created from a

network of weather stations in Catalonia (160 stations for air temperature and 257 stations for

11
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precipitation), and was based on a multiple regression analysis between the meteorological variables and
some geographic variables (altitude, latitude, continentality, solar radiation and a cloudiness factor). The
independent variables were derived from a 180 m resolution digital elevation model. The accuracy of the
climatic surfaces was then assessed and corrected with reference to an independent set of weather stations
(40% of the initial weather stations). The correction factor improved the accuracy of the climate model,
which ranges between 70 and 97% (model oufputs were generally more accurate for temperature than for
rainfall, and more accurate for lowlands than for mountains). Layers of mean annual rainfall, rainfall per
season, minimum annual temperature, mean minimum winter and spring temperatures and mean
maximum summer temperature were then derived from the original climate model. Topographic layers
(altitude, slope, aspect, and solar radiation) were obtained from a Digital Terrain Model (180-m
resolution). Coverages of fire history over the last 25 years (1975-1998) and current land use were
obtained from CREAF (1:250 000 scale; Ibafiez et al., 1997; Salvador et al., 1997). A geology layer was
provided by the Institute of Cartography of Catalonia (1:250 000 scale). Biotic variables that could

potentially influence the presence or abundance of pine species were derived from the IFEC database.
Statistical analysis

Determinants of species distribution

I used a recursive partitioning technique, Formal-based Inference Recursive Modelling (FIRM) (Hawkins,
19935), to describe the relationships between environmental variables and species distributions. Recursive
modelling, also known as tree regression analysis, is a useful exploratory technique for uncovering
structure in data with variables that may be hierarchical, nonlinear, or categorical (Breiman et al., 1984).
Recursive modelling captures nonadditive behaviour, where the relationships between the response
variable and predictor variables depend on the values of other predictors. These techniques do not rely on
assumptions of linearity, and handle contimious and categorical data types. Recursive modelling is rapidly
gaining popularity and has in several studies been shown to yield more accurate estimates than standard
linear-models (Reichard and Hamilton, 1997; Iverson and Prasad, 1998; Vayssiéres et al., 2000; Rouget et
al,, 2001).

The data set is successively split by the FIRM analysis into smaller subsets, based on the values of
the predictor variables. The grouping of classes is assessed by chi-squared tests between each pair, and the
overall significance of the split is assessed by a Bonferroni procedure. Each split is designed to separate
the cases in the node being split into a set of successor nodes that are maximally homogeneous. The output
from FIRM is a dendrogram that provides an intuitive pictorial interface to understanding the structuring
of the problem as well as an effective way of making further predictions.

12
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stringent p values to avoid very large dendrograms with spurious splits. Since the addition of biotic
factors did not significantly improve the model performance, only environmental factors were used in
the final models. This allowed to define environmental envelopes for each Pinus species. In a second
set of analyses, 1 examined the relative abundance (dominance) of each Pinus species within their
environmental envelope. At this stage, both biotic and environmental factors were included (see Table
1). The dependent variable was grouped into three classes: species absent; species mixed with others;
or species dominant (i.e. species with the highest basal area). Finally, regression trees were generated
for each pine species, using presence/absence of seedlings as the dependent variable. This analysis wes
performed on the subset of plots with regeneration data.

Determinants of Pinus halepensis distribution and its interactions with other species were
analysed by FIRM as follows: the distribution of the most abundant woody species co-occurring with
P. halepensis were tested to find whether species co-occurrence was determined by environmental
characteristics. Plots in which at least one of the following six species occurred were included in the
analysis: P. halepensis, P. nigra, P. pinea, Quercus ilex, Q. pubescens, and Q. cerrioides. The five
last-mentioned species occurred in more than 10 % of the sampling plots containing P. halepensis.
The presence/absence of all the six species mentioned above was used as dependent variables in a
single model. The aim of this general model was to isolate environmental conditions indicating where
the six species occurred in pure or mixed stands. I then focused on the interaction between P.
halepensis and Q. ilex in plots where either of the species occurred. The dependent variable, computed
as the ratio [basal area of P. halepensis)/[sum of basal area for both species}], was interpreted as a
species dominance index.

To improve the understanding of species co-existence in pine ecosystems, I complemented the
analysis with contingency tables of presence/absence data for adult and seedling individuals to
highlight positive or negative associations between any pair of species among the 14 most common
species in the plots. Different life stages were separated: I considered potential associations between
adult trees, adult and seedling individuals, and seedlings only.

13
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Table 2. Model accuracy for the distribution (presence/absence) of the six Pinus species occurring in Catalonia.
Significant variables influencing the distribution are indicated (see Table 1 for explanation of abbreviations).
Presence: number of plots where the species is present (% of correctly classified plots); Absence: number of
plots where the species is absent (% of correctly classified plots); CA: classification accuracy ([total number of
correctly classified plots)/[Absence + Presence] x 100).

Species Presence Absence CA Variables

P. halepensis (2675 (95.6) 7824 (92) 92.5  Ran-Spg, Ro-An, Tmp-Win

P. nigra 2061 (86.3) B8438(78.3) 799 Ra-Win, Rn-Spg, Ra-Sum, Alti, Geol, Tmp-Win, Tmp-Spg
P. pinaster  |302 (86.1) 10192 (82.6) 827  Ali, Rn-Win

P. pinea 971 (82.7y 9528 (77.8) 782  All, Rn-Win, Ra-Spg, Rn-Sum

P sylvestris {3184 (82.3) 7315 (76.9) 78.5  All, Geol, Ra-Win, Rn-Spg, Rn-Sum

P, uncinata  774(93.8) 9725(91.8) 920 Al SolRad

Potential distribution maps

Dendrograms from the FIRM analysis and a GIS database for Catalonia of all recorded environmental
variables were used to derive potential distribution maps for each of the six Pinus species.
Environmental conditions useful for predicting the occurrence of each Pinus species were selected
from the respective dendrogram. For each node of the dendrogram (i.e. for each combination of
environmental factors), the species was considered likely to occur (probability of occurrence higher
than 0.5) if the species was over-represented in the node (species with the highest frequency in this
node). The accuracy of the model was estimated by the percentage of plots correctly classified by this
method.

Results
General patterns for all pine species

Determinants of pine distribution

Regression trees were generated for each species. Among all potential predictors, only a few variables
was found to significantly influence the distribution of the six pine species (Tables 1, 2). Physical and
climatic factors were generally more important than biotic factors (Table 1). Moreover, the model
performance was not significantly reduced when biotic factors were excluded. The distribution of the
six Pinus species could then be accurately modelled using a few simple abiotic factors. For each
species, between two and five environmental factors correctly classified more than 80 % of the species
distribution (Table 2). Altitude was the most important factor for four Pinus species (P. pinea, P.
pinaster, P. sylvestris and P. uncinata; Table 2). Winter and spring rainfall were the most important
predictors of P. nigra and P. halepensis distribution respectively (Table 2). For all Pinus species,

14
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B) P. nigra

C) P. pinaster

F) P. uncinata
0 30 60 Kilometers |
e A

Figare 1. Potential distribution maps of six Pinus species in Catalonia: a) P. halepensis, b) P. nigra, c) P.
pinaster, d) P. pinea, e) P, svlvestris, and f) P. uncinata, Shaded areas are suitable for pine occurrence
{probability higher than 0.5). Plots where the species is present are represented by black dots. The geographic
location of the study area within the Mediterranean Basin is shown,
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rainfall variability was an important predictor of the species range whereas temperature was a
secondary or tertiary factor (Table 1).

Fig. 1 shows the potential distribution maps for each Pinus species in relation to the
environmental factors found to be important by FIRM analyses (Table 2). Pinus sylvestris and P.
uncinata occurred only in the northern part of Catalonia at high altitudes. Pinus nigra occurred under
intermediate conditions whereas P. halepensis was only found in dry areas (southern part). Pinus
pinaster and P. pinea both occurred in more humid areas (>160 mm of winter rainfall per year) at low

altitudes (<550 m, and <660 m, respectively) (Fig. 1).

Determinants of pine dominance

Biotic factors explained most of the variation in the pine dominance within their respective climatic
envelopes (Tables 1, 3). The most important factors were the basal area of other Pinus species, the
basal area of Quercus species, spring rainfall and the basal area of deciduous species (Table 1). The
classification accuracy of the models ranged from 58 to 73% (Table 3). Prediction accuracy was
higher for the most abundant pine species in Catalonia (P. sylvestris and P. halepensis). The model
was generally very accurate in predicting the absence and the dominance of a given species within its
environmental envelope (Table 3). However the model was weak in predicting species occurrence in

mixed stands (i.e. species present but not dominant) (Table 3).

Determinants of pine seedling occurrence
Of thirty potential predictor variables, only six were found to influence the pattern of seedling
occurrence of Pinus species significantly (see Table 1). Biotic factors were generally most important;

notably the basal area of evergreen species and the number of Quercus seedlings, which both

Table 3. Model accuracy for the relative abundance of the six Pinus species within their climatic envelope.
Significant variables influencing the distribution are indicated (see Table 1 for explanation of abbreviations).
Dominance: number of plots where the species is dominant (% of correctly classified plots); Presence: number of
plots where the species is present but not dominant (% of correctly classified plots);, Absence: number of plots
where the species is absent (% of correctly classified plots); CA. classification accuracy ([total number of
correctly classified plots}/[Dominance + Presence + Absence] x 100).

Species Dominance Presence Absence CA Variables
P. halepensis | 1913 (91.2) 539(50.8) 377(36.1) 762  BA-Pinus, BA-llex, Alti
P. nigra 1135 (80.3) 640(20.2) 1840 (65.9) 623  BA-Pinus, BA-Q, BA-Sylv, BA-D, BA-Ilex,

Rn-Sum, Rn-Win, Tmp-Win

P. pinaster 99 (38.4) 161(54.7) 1775(684) 65.9 BA-llex, BA-Pinea, Rn-Win

P. pinea 271 (71.6) 530(45.3) 2120(60.1) 584 BA-Pinus, BA-Q, BA-D, Alu

P. sylvestris 1747 (80) 869 (35) 1756 (84.5) 72.9 BA-Pinus, BA-Q, Rn-Sum, Alti, BA-D
P. uncinata 473(80.3) 253(17.3) 795(86.8) 733 Alti, BA-Pinus, BA-Sylv
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Figure 2. Determinants of Pinus halepensis distribution (presence/absence) in Catalonia as represented by a
FIRM dendrogram. The boxes indicate variables that significantly influence the species distribution. The most
important variable is shown on top. Combinations of variables that favour P. halepensis occurrence are shown .n
bold. Values are indicated in the ellipsoids (in mm for rainfall variables, in ° C for temperature). E.g., P.
halepensis is predicted to occur with spring rainfall < 165 mm and total rainfall < 670 mm.

decreased the probability of occurrence of pine seedlings. The model was accurate for P. halepensis
and P. nigra, the regeneration of which was influenced by several factors (Table 4). However, the
model performance was weak for the other species where only one factor was found to be significant
(Table 4).

Determinants of pine seedling occurrence

Of thirty potential predictor variables, only six were found to influence the pattern of seedling
occurrence of Pinus species significantly (see Table 1). Biotic factors were generally most important;
notably the basal area of evergreen species and the number of Quercus seedlings, which both
decreased the probability of occurrence of pine seedlings. The model was accurate for P. halepensis
and P. nigra, the regeneration of which was influenced by several factors (Table 4). However, the
model performance was weak for the other species where only one factor was found to be significant
(Table 4).
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Table 4. Model accuracy for the occurrence of seedlings of five Pinus species in Catalonia (P. pinaster was
excluded because the species was present in too few plots). Significant variables influencing the distribution are
indicated (see Table 1 for abbreviations). Presence; number of plots where the species regenerate (% of correctly
classified plots); Absence: number of plots where the species does not regenerate (% of correctly classified
plots); CA: classification accuracy ([total number of correctly classified plots)/[ Absence + Presence] x 100).

Species Presence Absence CA Variables
P. halepensis | 363 (77.2) 212 (81.6) 78.6  BA-E, Q-Seed, P-seed
P. nigra 256 (80) 186 (61.9) 722 Rn-Win, BA-E, BA-Hal, Q-Seed
P. pinea 26 (57.6) 167 (85.6) 81.2 Q-Seed
P. sylvestris 389 (85.8) 275 (32) 63.6 BA-E
P. uncinata 107 (85) 53 (30.2) 66.9  BA-Syly

Distribution, abundance and regeneration pattern of Pinus halepensis

Fig. 2 shows the determinants of the distribution of Pinus halepensis. Using spring rainfall only, the
model correctly classified 83% of the current distribution, while the addition of total rainfall and
minimum winter temperature improved the prediction accuracy to 92%. Areas with less than 190mm
of precipitation in spring were most suitable for P. halepensis. Low annual precipitation (up to 830
mm, depending on spring rainfall value) and high minimum winter temperature (> -1° C) increased the
probability of P. halepensis occurrence. Geology and altitude were less useful in explaining the
distribution of this species. Almost 95% of the stations where P. halepensis was present were correctly
classified by the model (Fig. 2).

Biotic factors were important in predicting dominance of Pinus halepensis. Using basal area
of other Pinus species only, the model correctly classified 72% of the data set, while the addition of
basal area of Quercus species and altitude improved the model accuracy to 75%. Pinus halepensis was
predicted to be dominant when the basal area of other Pinus species was less than 1.25 m*. Pinus
halepensis was excluded from dense stands of other pine species, but could be present in dense stands
of oaks. Within its environmental envelope, 92 % of the sites where P. halepensis is the dominant
species were correctly classified, as were 51% of the sites where the species was present but not
dominant (Table 3). The model failed to correctly predict sites where the species was absent in sites
however climatically suitable (accuracy of 36%).

The occurrence of P. halepensis seedlings was influenced mainly by the basal area of
evergreen species. Seedling occurrence was negatively affected by the basal area of evergreen species,
the number of seedlings of other Pinus species and the number of Quercus seedlings (Fig. 3). The
model accurately predicts more than 75% of seedling occurrence (Table 4).
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Figure 3. Determinants of Pinus halepensis seedling occurrence in Catalonia as represented by a FIRM
dendrogram. Variables that significantly influencethe seedling occurrence are indicated as well as values used
for the split (in m? for basal area, in seedlings/m? for other variables). Combinations of variables that favour .
halepensis regeneration (i.e. where seedlings are predicted to occur) are shownin bold.

Determinants of the distribution of species co-occurring with P. halepensis

The most common species co-existing with P. halepensis were: Quercus ilex (43% of plots in whick
P. halepensis occurred), Pinus nigra (18%), P. pinea (15%), Q. cerrioides (11%) and Q. pubescens
(10%). Their respective distribution was accurately predicted in one model with five environmental
variables (Table 5), in which spring rainfall explained 63% of the variation. This global model
generated a climatic envelope for each of these six species, with species occurrence accuracy ranging
between 50.5% (Quercus ilex) and 85.5% (Pinus nigra). Model predictions were, however, not alweys
accurate regarding species associations. Only the association of P. halepensis with P. nigra was
correctly predicted, and the model was very poor at predicting where P. halepensis co-occurred with,

Quercus ilex or (. pubescens (Table 5).

Table 8. Model accuracy for the distribution of species co-occurring with Pinus halepensis. All plots in which
one of the mentioned species occurred were included in the model. Accuracy is given in percentages for
occurrence data (a plot was correctly classified if the probability of a given species, present in the field plot, is
higher than 0.5). The model included the following variables: spring rainfall, summer and winter rainfall, mean
minimum temperature and altitude.

Species Sample Accuracy  Species Sample Accuracy
Pinus halepensis 2675 87 P. halepensis/ P. nigra 472 73

P. nigra 2061 83 P. halepensis / P. pinea 392 68

P. pinea 976 78 P. halepensis / Q. ilex 1155 <}
Quercus ilex 4413 58 P. halepensis / Q. pubescens 250 <]

Q. pubescens 1995 68 P. halepensis / Q cerrioides 288 75

0. cerrioides 890 73
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Regression trees generated to determine, from basal area of P. halepensis and Q. ilex respectively,
where P. halepensis was dominant, where Q. ilex was dominant, and where the two species occurred
in mixed stands, correctly classified 76% of the data set using only two factors, total rainfail and
spring rainfall (see Fig. 4). When the total rainfall was lower than 668 mm, P. halepensis was
predicted to be dominant; when the total rainfall was between 668 and 800 mm, the two species were
predicted to co-occur; and, when the total rainfall was higher than 800mm, Q. ilex was predicted to be
dominant. Q. ilex was also predicted to be the dominant species when spring rainfall was high (>180
mm) even when the total rainfall was low (Fig. 4). Seventy-five percent of the plots where P.
halepensis was dominant and 78% of those where Q. ilex was dominant were correctly classified.
Unlike the previous analysis based on occurrence alone, the model accurately predicted the
distribution of mixed stands of P. halepensis and Q. ilex (accuracy of 54%).

Fig. 5 shows the associations between life-history stages of the most common species based
on chi-squared tests from contingency tables. The occurrence of Q. ilex and P. halepensis appeared
unrelated at the adult stage (Fig. 5, box A1 and A2). However, the occurrence of seedlings of P.
halepensis was negatively associated (p<107®) with adult trees and seedlings of Q. ilex (Fig. 5, box Bl
and C1). The occurrence of seedlings of Q. ilex was positively associated with aduit trees of P.

halepensis but not related with seedlings of P. halepensis (Fig. 5, boxes B2 and C2).

CH 3
spad -..l..-'
@D - -- G206 Cad) {28 @ s -

O Dominance of P. helepensis o Dominance of Q. ifex

Coexistence of P. halepensis and Q. ilex

[ Spfingvg Rain ] I Spfing Rain I I Spring Rain | I Spring Rain l

"Saupaet

Figure 4. Determinants of Pinus halepensis/Quercus ilex distribution in Catalonia as represented by a FIRM
dendrogram. The ratio [basal area of P. halepensis}/[sum of basal areas of both species] was used as the
dependent variable. Q. ilex was interpreted to be the dominant species if the ratio (R) was less than 0.25,if R
between 0.25 and 0.75 the species were considered to coexist, and if R20.75 then P. halepensis was interpreted
as the dominant species. The boxes indicate the variables that significantly influence the distribution of both
species. Values are indicated in the ellipsoids (in mm). The predicied species to occur is indicated,
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Figure 5. Correlation between main species co-existing with Praay fofepensis, and with (Qwercus flex of
different lile history stages in Catalonia Contingency tables were penerated for each species pair among aduit
trees of species po-occurring with adult trees of P. hedepensis (box ALY, and of (7 dex (box AZ). Then,
contingency tables were penerated for each species pair among adult tree of species coocourring with seedlings
of P. hafepensis (box Bl), and of ¢4 dex (box B2). Finally, contingency tables were generated for each species
pair among seedling of species co-occurring with seedlings of 2 halepensis (box C1), and of @ ifex (box C2),
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Discussion

Predicting species distribution: the importance of clivwite

The models correctly classitied mare than 8U % of the species distributicn using mainly climatic
tactors in a correlative approach (Table 2). Altitude is the variable most frequently included in the
madels, being the most important tacter for tbwo species Pinus syfvestels and P wicinae of mountain
labitats. The variable altitude in general refines the splits based oo mintall o temperature and |
supgest that altitude might integrate the climatic varation in mountatnous areas (in terms of
temperature and rainbatt gradicnts) better than the derived climatic variables themselves. Two of the
best predictors deseribe aspects of rainfall variability (rain in winter and rain in spring}. The inclusion
in the models of measurements of energy (Le. temperature paramelers), water availability. as well as
climate seasonality is likely to contribute strongly to their accuracy. Furthennere, the vse of FIRM

allows to detect auntomatically the elfTects of combined vanables and interactions between factars.

Other potentially important predictors, such as geology, do not contribute significantly to model the
distribution of Pinus specics (Table 1), Furthermore a fack of carrelation between the distribution of
Pinuy taxa and fire regime in Cataionia is unexpected as several authers have demonstrated that
geclogy and fire are important in structuniog Miaes communities { Lepart and Debussche, 199]; Agee,
1998; Barbéro et al.. 1998; Pausas, |999). The apparent lack of significance of fire in determining pine
distribution in Catalonia may, haowever, be duc to lunitations of the fire data coverage (only the largest
fires in the last 20 vears are recorded).

The present study contirms the importance of climatic factors in explaining regional pallerns
of disteibution in accordance with other studies at similar scales {(Woodward, 1987: Prentice et al..
L4923 Modelling of vepetation patterns at finer scales has penerally focussed maimly on local
variation of topography and geomorphology (Reed et al., 1993; Bridge and Johnson, 2000). However,
this study reveals high importance of rainfall seasonality, a factor not considered in other studies of
similar scope (Stephensan, 1998). This contrasts with other studies that have generally found
temperature (mintmum and maximum) to be the best predictor of species distribution (e.g. Woodward,
1987; Leathwick, |995), The importance attributed to winter and spring rainfall for the distribution of
7. halepensiy confirms that £. Aafepensis is the most droupht-tolerant Pinus species and therefore
occurs anky 10 harsh environments where its physiclogy enables 11 o survive. The importance of the
annual distribution of ratnfall will make it difficult to predict changes in distributions with climate

change since these are aspects poorly predicted by elimate madels (Cubash et al., 1996).

22



Chapter 2

= : =
=l —h\ DISTRIBUTION =
o O
10l ‘%
E —* \ DOMINANCE /+—— |5
vl : O
C)\' i

2 REGENE- /| o | &
E B
= RATION "
5‘“ L‘? 7

Figure 6. Conceptual mode] of abiotic and biotie variables that influznee the distribution, dominance, and
seedling occurrence patlems of iy species in Catalonia. The thickness of the armrows indicates the importance
attributed to the facior,

The imporfance of specivy mferaction

The results show that abivtic factors are of overriding importance in predicting the distribution
(presencedabsence) of the six native Pinus species in Catalonia (Fig, 6). However. biotic factors are as
important as abiolic factors in predicting the dominance of pines, and were of overriding importance
for predicting regeneration. The importance of biotic factors may have been underestimated in most
related studies of vegetation distribution at a regional scate, which have mainly focused on the effecis
of eovironmental factars. Furthermaore, stronger negalive inleraclion P - Pives than Pinss —
Cheercus aceords with Pires dominance being more strongly determined by Piray than Cuercns basal
AT,

"The models are not very aceurate in predicting the distribution of species co-occurring with £,
Aelepensis (Table 5), even though the distribution of the co-occurming species, modelled separately.
can be accurately predicted. This indicated that species co-existence is regulated by factors other than
those included in Lhis anatysis. Plant species composition in mediterranean-type ecosystems is related
to water stress and nutrient availability (Cowling ¢t al.. 1996), and 1o the disturbance regime.
especially fire (Pausas, 19499). However, Vild and Sardans (1999) recently emphasise Lhe importance
of competition, 4 tactor generally considered to be of secondary importance in shaping the
composition of mediterrancan-type caommunities. Many gcological questions remain unanswered,
imcluding the importance of competition eompared (o other blotic factars, and the response of a given
species [0 competition at different life history stages. Whether or nol competition affects eo-existence
cin nol be demonstrated dircetly in this study because of its broad scate. However, the increasing

importance of bivtic faclors for predicting dominance and seedling occurrence patterns (Fig. &)
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sugrgests that competition may play an important role in determining the distributions of woody planis
in Catalonia,

Although statistical analyses of specics associations have to be interpreted with great caution
{Roxburgh and Chesson, 1998), the positive and negative associations found between Pinuy hafepensis
and Quercuy iex at different lite stages (Fig. 5) agree with general patterns of succession in
mediterrancan forests: according 1o Barbéro et al (1990, Minns species {including P. fuidepensiy)
establish (irst afier disturbance while ¢ i#ex seedlings later establish under the pine overstorey. Then.
(uiercus specics progressively replace pioncer Pinys species in the absence of disturbance. This
suggests that species co-existence inay be a function of stand age (i.¢. successional stapge). The
potential influence of stand age on species composition is masked in this study since stands of many
ages and suecessional stages are analysed together, In future models of Mediterranean-lype vegelation,
stand age should be considered as a factor on its own to allow separation of effects of disturbance and

temporal trends,

The role of lonan uctivities and fund wse

Centuries of humar influence in the Mediterranean Basin makes il almost impossible to distinguish
between human influences and the “natural” dynamics of these commmunitics (Barbéro et al, 1990,
Lepart and Debussche, 1992; Cowling et al., 1996), Therefore, because of ancient human
manageineit. ineluding intensive tree planting, one would expect curvent species distributions to be
poorly correlated with only environmental characteristics, and to depend much more on land use
listery and hwnan disturbance. For example, several studies have documented the recent invasion of
Fhulepensis into abandoned felds associated with rural depopulation {Acherar et al., 1984, Lepar
and Debussche, 1991). The expansion of 7. Aufepensis has resulted from the abandonment of grazing
in s¢lernphyllous shrublands, and the establishment of pines in secandary shrubiands and grasslands
follow abandenment of cultivated terraces (Barbéro ¢t al., 19903,

With the above factors inmind, | was rather surprised at the high accuracy of these predictions
based enly on climatic and physical factors. Current land-use calegories are nol significant in
explaining the distribution of any of the six Pénus species al the seale of this study (Table 1), However,
one can not conchude that the broad patterns of pine species distribution in Catalonia are little affected
by human activities. The net effects of human activities are probably already captured in the model.
First, through human activity and planting, all the commercially valuable species have had the
oppertunity of sampling all available sites. Secondly, species were preferably planted in arcas known
to be most climatically suitable (e.g. £ Aafepensis in the driest areas), Consequently, the everriding
lactor determining management practices has been climate, Furthennore, current bind wse does not

reflect historical changes that have favoured pine expansion especially over the last century.
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1o enhance timber production, the species compasition and abundance of mediterranean-type
ecosysiems bas been markediy altered by taresters (F. Lieret, pers. comm. ). Clearance of understarey
species and selective cutting have generally Mavoured Pinus species as they are more praductive and
economically important than Cuercns species (Gracia et al, 200070, Ouercus species were traditionally
over-exploited to the paint of being eliminated from waodiands in seme areas, This probably explains

the poor performance of the model m predicting the species co-occurring with P, fefepensis (Tahle 5).

Modelling species distribution onside Catalonia and relevance to giobal change

Linderstanding and predicling plant species distribution has become more important recently in
cannection with global change modelling (e.g. Prentice et al,, 1993; Sykes et al,, 1996; [verson and
Prasad, 1998: Hughes, 2000). The high biodiversity, the transitional climate and the intense human
activity in terrestrial ecosystems of the Medilerranean Basin create challenging apportunities for
slobal change research (Lavore! et al., 1998). This requires a glabal understanding of the determinants
of vegetation distribution in the Mediterrancan Basin,

The six Pimus species present in Catalonia also occur naturally in other parts of the
Mediterranean Basin (rest of Spain, souihern France, Nalv). Models similar ta those derived in this
study can be applied to, and compared with other parts of the Mediterranean Basin, As land use differs
quite censiderably within the Mediterranean Basin. such comparisons would be useful to examine the
interactions berween abiotic and anthrapogenic factors. Lavorel et al. {1998) suggest a gencral
framework tor global change 1ssues in the Mediterranean Basin. More valuable predictions of
vegetalion response o global change should include at feast changes in fire regime, atmospheric
change and land use, Results show thal the amount and variability of rainfall are the main
determinants of the distribution of pine species in Catalonia. While there is a general agreement on a
2-3° (' increase of Ihe average annual temperature. the direction and magnitde of precipitation change
remain uncertain {Cubash et al., 1996). In order to predict effects of climate chanpe, appropnate

rainfall estimates are therefors required.
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Chapter 3

Quasi-mechanistic models of invasive alicn plant spread:

Inferring process from pattern

Abstract

This chapter cxplores the relative inportance of [actors driving invasions using detailed data on the
distribution and abundance of 39 alien tree and shrub species on the Agulhas Plain in Sputh Africa. A
correlative approach buscd ot ¢lassification trees was first used fo mode] species distribution.
Spatially-explicit models invoking propagule pressure and environmental heterogeneity were then
developed to explore the determinants of invasibility and spread for the three most widespread species
{Acacia oyelops, A. safigaa and Pinus pinester) in more detail.  Propagule pressure was modelled as a
function of distance o probable source populations. Classification trees using peology, climate, land
use and topography were appropriate for modelling species distribution with satisfactory accuracy, but
fuiled to correctly simulate specics abundance. [ thus madelled species abundance using “quasi
mechanisiic” models, which first predict species abundance on the basis of propagule pressure
(assuming homogeneous spread rate). and then relate the residuals with envirommental factors o
improve model accuracy. This second type of model generated much better estimates ol invasive phant
distribution and gbundance. A significant relationship was found between spread rate and
envirenmental factors, bul the imeractions between spread rate and environmental factors were specics
specific. This chapter provides a method for quantifying the importance of different environmental
factors, and the extent to which propagule pressure can negate the potential elTeets of various barricrs
in the invasion process, The importance of plant-environment interactions in determining the

trajectory of invasions is highlighted.

Introeduction

Mally interacting Tactors determine the range and abundunce of an organisin at a given locality.
Attempts at modeling the range/abundance ol species make various assumptions, depending on the
aims of the study and the nature of available data (e.g. spatial and temporal scale, precision and
accuracy of data). The literature un spatial patterns and determinants of species disiribution (mostly
dealing with native specics) is quite vast and the past decade has seen the resurgenee of such studies
(e.g. Huntley et al,, 1995; Franklin, 1998: Guisan and Harrell, 2000). Due to the inereasing avatlabiliny
of GLS data and the development of computational capability, many technigues can now be used to

understand and mode] species distribution (Franklin, 1995; Guisan and Zimmmerman, 2000). Over large
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spatial scales (from regions to continents), static approaches have been quite successful in modelting
species distribution (Guisan and Zimmerman, 2000 and references therein). Such approaches rely on
observed corretations between the environment and the species distribution and thus assume that the
specices 15 at pseudo eguitibrium with its environment (Guisan and Zimmerman, 2000). tnvasive alien
species, especially when the jnyasion is still at an early stage, are generatly not at equilibrivm with the
environinent. and corredative approaches should be used with caution. Over small spatiat scales (from
stands to landscape). mechanistic models (also called process-based models) such as individual-based
cellutar automata models have been developed 1o model species distribution. Such models integrate
biclogical atributes, space, and environmental stochasticity {Higgins and Richardson, 1996).
Althougl they have clear theoretical advantages, they are quite compiex 10 parametenise and can
seldom be validated {Iliggins et al,, 2001), In a few cases, individualbased modeis have been

developed with success for modelling spread of invasive alien species (1 Tiggins et al., 2000).

Biological invasions provide ecologists with excellent opportunities for gaining improved insights on
the determinants of distribution. Invasions provide useful natural experiments, which capture the
combined effects of many interacting factors (Richardson et al., in press). Considerable understanding
ol the ecology of a given iwasion episode can be vained by corretating observed spatial patterny
{presence/absence; abundance; age distribution etc) with available environmental data {e.g. Higgins ¢t
al, 1999; Rouget etal, 2000), Information thas derived can be extremely usefud for management, A
fundamental understanding of the processes that drive invasions demands a more “mechanistc”™
approach, which explicitly inctudes these biological processes into the modetling procedure, Many
recent studies have addressed key issues in invazion ecolowy using formal experiments, for example to
determine the etements that influence invasibility, These studies may provide some robust, nonteiviat
generalisations in the futurg. but currently available evidence from such experiments offers little in the
way of practical assistance to managers (see review in Rejminek ¢ al., in pressh. Also, such studies
can only practically address the invasion ecology of short-lived species. For invasions of Lrees, shrubs,
and other long-lived plants, disteibution and population structure at any thme etlects the comualative
effects of nunerous faclors, some of them rare events. Formal experiments offer litte hope of
mproving the paramelerisation of simutation models for longlived species. | believe that much more
atlention needs to be given to Ninding ways of extracting as much formation as possible from
existing spatial patterns and whatever can be derived from available data on the processes that

produced these pattems,

The juvasion process can be conceptuatised as a series of "barriers” that an invading organism dust
overcome to become fully integrated in an ecosystem {(Richardson et al,, 2000b). For many invasions,
the trajectory of pepulation development (population growth/dectine; spatial spread/contraction) can

be reconstructed to describe the eventual outcome of many interacting processes that mediate the fale
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of the immigrants, The strength of different barriers depends, at least to some extent, on the number of
propagules - the greater the number of propagules, the greater the chance of a barrier being avercome
and therefore invasion, The role of propagule pressure is clearly observable in many invasions, and
has been assessed through the number of individuals introduced (Green, 1997) the number of times
the speeies was introduced (Newsome and Noble, [1986), and the proximity from sites of initial
intraduction { Hutchinson and Vankal, 19977 (see also Williamson, 1996 Lonsdale, 1999 D' Antonio
et al, (2001) provided a useful conceptualisation of the role of propagule pressure m mediating
invasions, They suggest that high propagule pressure can overcome biatic resistance (to some extent).
but that abiotic contrels on invasibility are less open to amelioration by high numbers of propagules.
Few studies have attempted to quantify the role of propagule pressure in plant invasion process
(Williamson, 1996; but see Rejmanek et al.. in press). Clearly, propaguie pressure must be built into
spatially-explicit invasions models. As Wililamzon (1996, p. 55) wrote: “Looking for real differences
iy invasibility requires looking at the residuals from the relationship between invasion suceess and
propagule pressure”™. A major challenge is 1o paramelerise models in this regard, particularly for long-

lived species.

The main aim of this chapter is to explore the relative importance of factors driving phant invasions
using cxtremely detailed data on the distribution and age structure of alien trees and shrubs on the
Agulhas Plain o South Africa’s Cape Floristic Region. I aimed 1o develop spatiallv-explicit models of
the distribution and spread of invasive alien plants that are tractable. ecologically sound, and accurte
over relatively large arcas (> 1 000 km’) and at a fine-scale resolution (< 250 m), It order to be usetal
for management, such maodels need to accurately estimate speeics abundance. For invasive alien plam
species. abundance is largely influenced by propagule pressure and environmental suitability
(Rejmanek et al., in press), 1 thus need a simple model that retains key biological attributes (notably
dispersal ecology) and accounts for environmental heterogeneity, 1 also aimed to tease out the
interactions between invasion spread and environment using the current pattern of invagsion n the
Agulhas Plain as a natural experiment Natural experiments such as these offer great opportunities for
inferring invasion process (rom landscape patterns (Richardsan et al., in press). The Agulhas Plainis a
superl locality to address these issues: many woody species have been introduced over the last cenury
and widespread habitat fragmentation has increased the hetcrogeneily of the region.

The specitic ohjectives of this chapler were: 1) to lest the ability of correlative approaches to
mode] species abundance at fine scale, 2) 1o develop a new approach for modelling abundance of
invasive alien plant species in an heterogeneous environment; and 3} to ¢xplore 1he inferactions
between the spatial spread of invasion species and the environment for understanding how invading

plants experience the environment,
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Figure L. Location of the Agulbas Plain within South Africs and the Cape Floristic Region (CFR). Areas
transformed by sgricollere atd prbanisation are shownin gry and black respectively.
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The Agulhas Plain ties in the southern part of the Cape Floristic Region {CFR, South Africat) and
covers approximatgly 21 6lkm’ {Fig. 1). The area is a low-tying coastal plain (75% of the arca below

| 30m elevation) broken by low (<800m ) quartzitic hilts. Largely because of the complex geology, the
area has a rich imoesaic of sodl types. an unportznt determinant of the high levels of beta diversity in the
Hora (Cowling, 1990). The area has 2 medilerranean-lype climate, with a mean annual rzinfall of
between 430mm (in the east) and 650mm (i the nocthy; 65-75% of rain falis in the winter { May-
October. The Aguthas Plain is one of the centres of plunt biodiversity within the Cupe Florstic
Province hotspot of plant diversity and endemism (Myers et al,, 2000). It is host to 1751 plant species
and most local endemic species are edaphic specialists, occurring in smatl and seattered populations
{Cowlmg and Holmes. 1992). The predominant natural vegetation types on the Agulhas Plain are
tynbos ind renosterveld. Fynbos is an evergreen, fire-prong shrubland, occurring mostly on sandy,
wifertile soils: it always contains restioids (wiry, evergreen graminoids}), and often ericoid shrubs
(species of the Ericitceae ind other structurally similar taxa), with protemid shrubs forming an

overstorey of highty varizble cover and density. Renosterveld, also a fire-prone shrubland, grows on
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Table 1. Description of environmental variables used for modelling species distribytion md abyundance. For each
species, the numbers of time one factor was used for modelling species distribulion using classification irees is
indicated.

Factors Kean (range) A. crelops A. safigna P pinaster
Altitude 105m1 {0-T307) 3 2 ]
Slope 3T0-35)
Aspect 8 categories
Wer index 35.53(7-55)
Proximity ta river 2680m (0-1 196}
Land use 7 cafegories l |
Proximity Lo {lebds Slom {0-5343) 1 2 2
Proximity Lo roads | 28 0m (0-H420)
Mean annual precipitalion 430 mm {3 10-647) | ]
Angual minimun temperature 1117 (18-12.2) l 2
Cirowil davs 1355 {%6-188) l !
Geology | 3 catepaories 1 ]
Weselalion groups 12 categories 2 2 2

more fertile, fimer texturcd, clay-rich soils, and 1= uswally dominated by the shrub Efyeropappus
rhirocerofis (“renosterbos™; Asleraceae). (Cowling et al., 1988). The area has been hiugely allected
and fragmented by agniculture, and 40% of'the original natural vegetation hias already been
transformed {Lombard et al., 1997}

Data coftection

Extensive field mapping was conducted o map as accurately as possible the distribution, density and
height (age-class) structure of all invasive alien trees and shrubs for the entire Agulhas Plain. An
extremely detailed survey was done over six months in 1998, Because of the structure of the native
vegetation (low shrubland) and the [Tat tupography of the area, alien woody species (mostly trees)
were relatively easy to locate in the landscape and oo aerial photographis. This ensured that the
comptete distribution of alien trees and shrubs was recorded for the study area. Over 100 recent
orthophotos (scale: 1:10,000) were used for mapping the configuration of alien stands, and a
Geographic Posittoning System was used to verify localities, Mapping was done by driving on all
roads and tracks in the area (2160 km’). Areas that were inaccessible by road were traversed on {oot,
Within each stand of alien trees/shrubs {relatively unitform clumps larger than 0.5 ha), the perecntage
cover and average height (to the nearest meter) were recorded separately for each species. Cover
estimates were made following the system devised by Le Maitre and Versfeld {1994). This consists of
the following § density ¢lasses subdivided according to canopy cover: rare, occasional (< 1%), very
seattered { 1-3 %3), scattered (3-25 %), medium (25-50%), dense (50-75 %), closed (= 75 %) Upto 13
alien species were recorded per stand {Euston-Brown, 1999). This survey produced the most detailed

data set on the distribution of invasive plants, a1 the regional scale, fur any part of South Alrica,
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The following environmental factors were available on a Geographic Information System
{GIS) geolopy, vegetation types. land use, topography and a range of climate variables (sec Table 1.
The first three were developed for the “CAPE” project (see Cowling el al., 1999, Cole et al., 2000,
Cowling and Pressey. in press). The Department of Geologicat Sciences, University of Cape Town,
provided a coarse geology laver (scale |:250 000). Vegetation types and land use (scale 1:10 G00)
were assessed and inapped during field surveys simultangously with the alien vegetation (Euston
Brown, 1999}, Thirty-six vegelation types, regrouped into |2 vegetation groups. were identified for
the Apulhas Plain. These vegetation types were also reclassified in 13 geclogical tvpes based on the
predominant genlogy type known 1o be associated with cach vegetation type (.M. Cowling,
unpublished data). The Chiet Nirectorate: Surveys and Mapping provided digitised topographic
mtormation {reselution of 230 m) and the Computing Centre for Water Research {CCWR) supplied
coarse climatic layers (svale 15 250:000, resolution of | minute) (see Table | for the complete list of
environmental factors used). The scale ar which the environmental variables were available
determined the modelling resolution and, 1o some extent, our ability to model species distribution.
Climatie layers were only available at a coarse scale but due to the relatively low topographical

heterageneity, this was not considered a potential problem.

Building predictive models of the distribadion and abundance of alien invasive species

The extent of invasion was summarised inte density ¢lasses and percentage of total area invaded. |
used five density classes relating to the total percentage cover of alien plants: <% (considered as
absent), | to 3%, 5 1o 25%, 25 to 75%, and =75%.

Two appreaches were uséd to model distribution and abundance for three of the most widespread

invasive species (deacia safigna, A. cvclops, and Phawy pinaster),

- Acoarse approach using classification and regression trees tor predicting presence/absence and
abundance of invasive plant species.
The ability of such model to predict invasive species distribution was demonstrated at larger spatial
scale in South Africa (Chapter 4, 5). licre, this approach is applied al a much finer scale for
modelling distribution aud abundance.

- A reflined approach using a “quasi-mechanistic” mede] for predicting species abundance.
This new approach simulates very simplistically propagule pressure as a surrogate for species
dispersal and integrates envirssiment and spatial spread interactions. To our knowledge. such
approach has net been used before. | explored the model ability to accurately predict species
abundance. This also provided insights an how each invasive species perceived the natural

enviromment,
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Coarsc approach

The study area was partitioned into cells of 250 m % 250 m (.. minimum mapping unit of
6.25 hay under Arclufo, For each alien species, a density grid of 25 m resolution was generated based
on the original alien cover, The density grid was later re-sampled into a grid of 250 m resolution using
an average function. Far analysis of species distribution, a cell was considered “invaded™ if the density
was greater or equal to 5% For each cell of the study area, a series of habitat predictor variables were
defined: topograply (altitude, aspect. slope), land use (7 cateparies), geology (13 categories), climate
{inean antwal precipitanion, mimimum temperature, growthdays), and vegetation groups ((2
categaries). A training data set was created by randomly seleeting 10 000 cells within the study area
using standard GIS procedures. For each observation (i.e. cell). the values of the habitat variables
were known, as were the respanse variables (distribution and abundance category of each invasive
species). Later, all the observations of the training data set were entered into ¢lassification and
regression tree analysis. Static models, such as classification and regression trees, assume cguitibrium
botween the ecuvironment and species distribution patterns, in other words. they assume that species
have had sufficient fime to disperse in all suitable habitats and have reached pseado-equilibriem.
Thus, this approach, based on environmental correlates of species distribution, does not consider
specics dispersal as a limiting factor. In case of invasive species, such assumption is unlikely to be
verified. This serious lmitation motivated the development of the second approach in which dispersal
is crudely modelled (see below).

Classification (for distribution data) and regression (for abundance data) trees were developed
ot S-Plus (Yenables and Ripley, 1999), This technique has proved suceessful  similar studies that
attempted to predict the distribution of plant species {(see lverson and Prasad, 1997, Rouget et al,,
2001 ), Recursive partitioning is au attractive data-anatytic wol for studying the relationship between a
response variable and several predictor variables (De’ath and Fabricius, 2000% It makes no
arsumptions of linearity, aud accommaodates both categorical and continuous data. Recursive
pactittaning can also reveal complex interactions amang variables, 1o the classifcation tree approach,
the data setis successively split into smaller subsets, based on the values of the predictor variables.
Each split is designed to separate the cascs in the node being split into a set of successor nades that are
maximally homogeneaus {Breinam et al, 1984}, The output is adendrogram or tree —diagram, which
represents an intuitive pictarial intertace to understanding the structuring of the problem as well as an
effective way ot making further predictions.

The factors identified (o the regression tree analysis were used to derive potential distribution
maps of alien species based on the dendrograms. Environmental conditions identified as suitable far
the establishment of the target species were setected mAreYiew 1o produce habitat suitability maps of

species distribution.
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Figure 2. Conceptual diagram of guasimechanistic models. Spread rate 15 fiest modelled as a homogenous
process based on distance to source population. Using this spread rare 1o predict species distribution and

ahundance, some observations are correcth classified, some are misclassified. Spread-environment interactions
are then explored for misclassified observations using classification trees, Environmental conditions leading to
higher or lower spread (1.e. abundance) than expected based on a homopgenas spread rate are identifled and used
1o refine the models, This generates Dew predictions of species ghundance, seme correctly classified, seme not,

Misclassified cases are re-analvsed with classification rees as above.

Fine-scule upproach

This is a new approach for modelling species abundance comprising two steps described in

Fig. 2. Species abundance is first modelled as a homogenous spread from the source populations,

using locally weighted regression smoothing. This first step considers propagule pressure (guantitied

as distance from souree populations) as the only driver of invasion process. T refer to the first siep-
model as homogenous spread model (e, the interactions spread-environment are ignored at this

stage). Then, the effects ol environmental factors are assessed on residuals of the first model to

determine how propagule pressure mieracts with environmental Betors, The ficst model (homogenous

spread model ) is thus refined by introducing the mediating effects (facilitating or limitingjof

environmental factors (Fig, 2% | reler o the complete models as “guasktmechanistic™ models becausye

they integrate hiological processes (species dispersal through propagule pressure) but they capture

plant-environiment interactons in a slatic manner using classification trees,

For cach species, probable source populations were identified on the basis of stand density and

height (se¢ Table 2). Centroids of tall and dense clumps were assumed ta be the sources. This ignores

pas{ managemenl practices, which have cleared some dense stands, and it is likely to introduce some

unavoidable error to our models. A stratified random sample was generated for each invasive species

consisting of 1000 points for each density category (1-53, 5-25, 25-50, 50-75, and =75 % cover) and
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5000 points where the species does not ogeur. For each of these 10 000 points, the minimum distance
to saurce population was derived based on a 25 i grid of Euclidean distance from probable sources.
The percentage cover of cach specics was recorded for each of the 10 000 random points, For cach
point, 4 series of habitat prediclor variables were defined (Table 1)

Locally weighted regression smoothing was applied to model the abundance of [nvasive
species based on the distance to the nearest probable source using the data set of [0 000 random points
described above, Local regression is a non-parametric regression technigue, which relics on the data 1o
specity the form of the model. A model is fitred to the data points locally. so that at apy point the
model depends only on the observations at that point and some specitied neighbouring points
(Chambers and Hastie, 1991). ‘This approach was deemed appropriate for this study because of the
nature {semi-guantitative abundance} and the non-linear relationship of the data. Local regression has
the advantage of modelling interaction between variables, which generalised additive models (GAM)
camot do (Chambers and Hastie, 1991). This first inodel generated a homogeneous spread rate
throughout the arca, where the elleat of environmental factors (s assumed to be null Jie. invasion s
driven exclusively by propagule pressure|.

To determine how cnvironmental faciors interacted with propagule pressure and 1o determine
the abundance of invading plants, I analysed the relationship between residuals and environmental
factors (Fig. 2} Regression and classification trees were used to identify the major environmental
factors influencing residuals of the spread model for each invasive alien species. In this approach, |
aim to explore how diflerent invasive species perceive the environiment. The focus of this model is
more exploratory than predictive, 1 aimed to explore situations where a homogeneous spread modet
fails (o aceurately predict species abundance. The analysis of residuals therclore focugsed on the
misclassitied cases (i.e. where the homogeneous spread model is inadequate) with the assumption that
environinental heterogeneity would positively or negatively affect spread. Regression trees were used
to identify environmental conditions where residuals are positive (species abundance is Jawer than
expeCted by homogencous spread model) or negative (species abundance is higher than expected by
homogengous spread model). 'The predicted residual values were used to correct the original spread

mmodel for the misctassificd cases,

Table 2: Definition and characteristics of probable soutce populations {i.c. where the invasion presumably
started) for the three most widespread rvasive alien wee specics modelled.

Species Sodrce type Height % cover Numhber of Area {% of total
S0UTees area invaded)
Acaeta cyclops L =8 m =75 12 200 ha (0,1 7%}
2 -8 m =75 54 2843 ha (2.5%)
Aceacta saligna 1 =B m =50 54 1227 ha {1 4%
Finus prnoster L =15 20 217 ha (0.28%)
t0-15 =73 36 256 ha (0.32%)
2 =l0m 75 46 523 ha (1.2%)
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The analysis was performed in a stepwise manner to generate predicted distribution models
for vach species. The {irst correction on the origine homogenous spread model renerated new
residuals, which were again analysed with regression trees in search of environmental correlation. A

maximum of three corrections was perlormed for each species.

Model prediction ability

For distribution data, prediction ability was based on the percentage of correctly classified
presence, the pereentage of correctly classified abs:nce, total accuracy (presence + absence), and
Kappa value. For abundance data, prediction ability was based on the percentage of correctly
classified cases in cach density class category (<[, <5, <25, <50, <75, »73%) referred as tolal
accuracy, Presence/Absence accuracy (% of correc Iy classified presence and absence), abundance
aceuracy {correct density class whete the species occurs), and Kappa value, Accuraey was caleulated

based on the full data set (n = 34500}

Results

Petierny of imvasion

The woody invasive alien flora of the Agulhas Plaim comprises 3% species in 18 genera (Appendix 1},
Alros Lhe ertice Agulhas Plain is invaded 1o a certain extent. Adicn species ocour in 72% of the total

area and in 96% of the remaining vegetation (cultivated and urbanised areas excluded) (Fig. 3). Fig. 4

shows the requency distribution of invaded areas yrouped into percentage cover classes. For alt

Figure 3. Distvibution of alien plant species (all alien species cotmbined) in the Agulhas Plain according Lo
percentige coves,
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Figure 4. a). Percentage ot Agulhas Main invaded according fo categories of invasion density: by Extent of
invasion for the three most widespread invasive species according to categories ol invasion density,

species combined (see Fig. 4a), the distribution is bimodal. with most of the areas being little invadad
{<1%) or highly invaded {>75%). A third of the remaining natura! vegetation is invaded at low density
{% cover <1), and 17% is densely invaded (% cover of all species combined =75} (Fig. 4a).

The top 10 species, in tenus of area invaded, are (total invaded area is indicated in brackets):
Acacie cvelops (113 317 ha), A saligne (89 162 ha), Pisns pinaster (78 654 ha), A fongifolia (50 413
ha). Leptospermum laevigatn (38 535 ha), Evcabytpres fehmcmii (32 957 ha), Hakeo gibboya (26 613
hal, F cladocalx (9 151 ha), 5 drupacea (8 771 ha), A sericea (5 532 ha), and 4. mearnsii (4 710
ha). Fig. 4b indicates that the three most abundant species mostly occur at low density, but dense
stands of deacia cyefops oeeor over 8 700 ha. Eleven alien species still have a very limited diswribution

range (=50 ha invaded).

Covreloative models to predict distribution and abewsdance of invasive allen species

Classilication trees generated models of species distribution (presence/absence) with intermediate
predictive power, Total accuracy was around 70% (Table 3), Model accuracy and species range appear
tor be positively correlated. The most widespread species (Aeacia eyolops) was the best modetled
species (Kappa valug of 0.58).

Of all environmental factars considered, veeetlation groups were the most important predictors
of the distribution of invasive species for three species considered. As a second important factor for
eaplaining species distribution, areas invaded by . piiaster were characterised mostly by climate,
areas invaded by 4. sefigna by land use, and areas invaded by 4. cpclops by altitude (Table 1).

Acacia cyelops muostly occurs in dune asteraceous fynbas, forest and thicket, hmestone

proteoid tynbos, restioid fynbos, river and wetlands, and at low altitude (< 85m) in all other vegetazion

i
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Table 3: Predictive uceuracy of modelling invasive specizs distribution using correlative approach. Percentage
of correctly classified cases is indicated for each category. Classification tees were derived using the {actors
mentioned in Table I

Accuracy All alien species Acacta cyclops Acirefu safipna Py pinaster
Presence s06 741 7.0 B0
Absence 834 165 T 67,3
Total 68,3 Pt 711 0.0
_Kappa 3% . h32 0,33 029

troups. dogelo saligaa mostly occurs in untransformed areas of renosterveld, and in areas of high
mean annual precipitation (=3%1mm). low altitude (<1 80m) in acid sand proteoid fvnbos, Elim
asteraccous fynbos, limestone protenid fyvnbos, restiotd fvabaos, rivers and wetlands, Pivies pinaster
mostly occurs in untransformed areas of Elim asteraceous fynbos and restioid (ynbos, and (n areas of
low annual minimum temperature (<11.5 °C) in acid sand proteoid fynbos, ericaceous fynbos and
wetlands,

rotentisf distnbution maps (based on the environmental profile of each species as described
above) were compared to their current distribution for the three species 1 Fig, 5. According Lo these
environmental profiles, 29% of the Aputhas Plain could stifi be invaded by P pinester (1e.. the arca s
suitable), 20% by A, sefigng and 13% by 4. cvelops, Belween 12 and 31% of the area currently

mvaded by each species did not match with the environmental profile identified.

The correlative approach deseribed fatled o adequately model species abundance (Table 4). Species
abundance was very poorly related o enviranmental heterogeneity, Except for P, pinasier, model
accuracy was in all cases lower than 20%. Regression trees could not identify specific enviranmental
conditions for each density ¢lass. Each model faiked lo accurately predict the distribution of dense
stands (>75 % cover). Regression trees were generally better to model low abundance values (%6 caver
between | and 23). Sires where invasive specics are absent could not e identifted using regression

trees for both Adeacia species.

Tabie 4:; Predictive accuracy of modelling species abundance using correlative approach. % of correctly
classified cases for each category is indicated.

_Aceuracy All alien speeies Aciacia cyelops Acacia salipna Plaus plnuster
Absence 4 o E 19
[-5 %% cover - 554 1.7 36
3-25 % cover 65.2 35.3 23 xi3
25-50 % cover 3l 4 4019 4.1 Gl
50-T5 %a cover E 4.7 0.7 1%
=75 Y cover | { o {
Abundance 38.8 387 429 286
Total L7.8 116 129 ikl
Keppa ___ ... 0 0 0 0.24
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CURRENT POTENTIAL

P. pinaster

Figure 5 Actual and predicted distribution maps for the three most widespread invasive specics on the Apyihas
Plain, Predictions were based on classification trees, which identified av evvirenmental profile for cach species.
Current distributions are shown in the left panel.

Oriasi-mechanistic models of invasive alien plunt spreod
Modelling the spread of invasive species as a homogenaus invasion spread

Loeal regression models were fitted on the density of Acacio cyefops, A, seligna and Pinos pinaster to

simulate the process of invasion spread at a landscape scale. The predicted abundance (percentage
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Table 5 Maodel parameters and model ouiputs For each species. A local regression model was used to predict the
percentayre cover of each species according to the minimuem distaoce 1o pribable source populations, which

could be of two types. “DISTI refers to source tvpe 1, and “DIST2™ refers to source type 2 (see Table 2).
Acacia cyelops Acicia safigna Pirus pinuster

Model Loess (DIST2ZYIHST]) Logss (DIST) Loess {DIST2*DISTIY
Span 0.5 04 .35
Cstimated number 2 7.5 14.3

of parameters

Residual scale 14.87 L8.46 B.653

estimate

Residual median ~(1.93 i =227

cover} for each species according to the mimimum distance to probable source populations 1s shown in
Fig. 6. dcoeia species have the potential to spread much further than . pinaster. A predicted cover of

50% was reached at 300m from the sources for P, pinaster, 450m for 4 sedivng and 600m for A,

cvetops. This model predicted a cover of 3% for 4. cyefops at 3000m from any source,

For A eyelops and P. pinaster, the model could be improved (in terms of predictive accuracy
of species distribution and abundance} by wsing a conditional function of distance 1o source 2 given
distance to source | (see Table 2 for definition of sources). Parameters of the models for each species
arg shown in Table 5. The homogenous spread mocel, using minimum distance o probable source

populations as unigue predictor, produced a reasonable fit of the species distribution and some
indications of the species abundance ( Table 6). ‘The best fit was obtained for P. pinaster for which the

total accuracy of the spread medel was 73% for predicting species distribution and 48% for species

abundance {Table 8). The spread moedel alone provided similar classification accuracy for species

100 1
I|
I
F: 14 'III
T
iy ———  A.cyclops
".'lI _________ A zalipna
g g '.'.I AR E. pinaster
a H
# )
3 ¥
i 40 : I.Illl
B £
o i
20 ]
0
T H i
o 2000 4000 o] BOOG

100HH]
Distance to sourse populations (m)

Figure 6. Local regression maodels for the spread of 4cuctu epelops, 4. soligna and Pirns piraster spread on the
Aputhas Plain. The abundance {percentage cover) of eact species was modelled as a function of the minimum
distance to probable source populations.
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Tahle 6; Predictive accuracy of modelling species distribution and abundance using hemogenous spread mindzl
(i.e invasion is driven only by prepagule pressure), The percentage of correctly classified cases is indicated fir
gach category. Species abundance was classified into 5 categories of % cover {see methods). “Abundaoce oo™
refers to abundance accuracy for cases where the species s present, “Total” refers to all cases gorrectly ¢lassified
(absence and 5 density categories).

Aceuracy Acacia cyclops Acach salipna Finus phtister
Presence/Absence aa 584 728
Abundance only 238 231 29.5
Total 226 214 452
Kappa 016 Q.15 046

distribution than the classification tree based on environmental factors (see Table 3), Spread models
for dcacia species produced very low it of species abundance (Table 6) and generally failed to
accurately model species absence (both species are predicted 1o aocur ar low densily (between 1 to 5

percent cover throughout most of the Agulhas Plain).

Modelling the spread of invasive speeics as an helerogeneous process (incorparating eny ironmental

factors)

[ tested whether spread was regulated by environmental factors. The homogenous spread models
partly cxplain the spatial patrerns of species distribution and species abundance and a substantial
amount of the residual variance remainged vnexplained. The analysis of the residual variance in relation
o environmental varables revealed strong interactions between the enyironment and the spatial spread
of the three invasive species. Each species reacted differently to changes in environment.

Table 7 shows the three most sipnificant factors explaining variation io residuals of spread
maodel. For the two Acacia species, variation in spread rate was correlated with altitude, geelogy and
land use, The same factors were found 1o influence the residual variance of species abundance for both
species. Spread rate was higher than predicied (from the homogenous spread model) at low altitudes
{(=75m for A cyedops, and <68m for A, scfigre), and 1 natural vegetaton, Higher abundance (greater
cover) than predicted by the homogenous spread model of 4. cyefops was found on colluvium and
wetlands. Greater cover than expected of 4. safigng was found in alluyvium, Bokkeveld shale,
quaternary sand, and wetlands (Table 7). For Pinus pipaster, variation i rate of spread was correlated
with number of growth days. distance to roads and mean annoal precipitation (decreasing order of
significance), Spread rate was higher than expected v areas where annual number of growth days was
higher than 1Y, in areas less than 1250m from any read, and where mean annuoal precipitation was
between 392 and 483mm (Table 7). These environmental conditions represent suitable conditions

where the abundance of P pinaster is higher than expected by the homogenous spread model.
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Figure 7. Quasi-mechanistic mode! for dcacia ovclops, 4 safigne and Piaus pinasier, Llomogenous spread
mindels were first derived to predict species abundance ag a function of propagubepressure only; environmenal
effizcls were then considered om the residual variunce to model spreadenyiromunent interactions, Lach
envirgtmen faclor acls as a successive barvicrvectar o invasion spread. These are indicated for cach species.
AT Mean Annwal Rainfull, MINTEMP: Anneal Minimum Tempecalare,

Discossion

Tlis study demonstrates the value of natural experiments in elucidating the mechanisims of tree
invasions. Spatal patterns of invazion result from many different interacting facters, such as biclogical
attributes of invader (e.g. seed dispersal), species response to abiotic environment, biotic interactions,
and human activities {success of plant estublishment) (Richardson et al., in press), In most cases, itis
difficult to determine the relative roles of biological attributes and enviranmental facters. This study is
an attempt to includs species dispersal through propagule pressure and 1o account for plank-
gnvironment interactions. Previous studies that have focussed on local seed dispersal using spatial
patterns of juveniles did not always consider the effects of envirenment (e.g.. Schupp and Fuentes,
1995). On the other hand, statistical analyses of plant distribution in relation ta environmental factors
generally ignore ecological processes such as dispersal (Guisan and Zimmerman, 2000). By
integrating propagule pressure and environmental determiants inta the moedels. | was able ta predict
species abundance mare aceurately than by using environmental determinants alone. This study also
enables to tease out the role of propagule pressure and environment, and to explere some of the

interactions between spread rate and environment. The present study (s however aftected by several
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Figure 8§ Current and predicied species distribution and sbundance of deacis cyelops, A, sofiona and Finwes
pimester. Predictions are based on quas-mechamstic models (sce Fig, 7).

model imitations. Spread rate is modelled as a function of distance to probable source populations
{i.e., the origin of invasions). The correct identification of source populations is & crucial aspect of the
madel. | assumed that the oldest (largest and densest) stands of trees to be the onigin of self-sown
populations. Individual trees can also act as foci of spread, but the conmibution of such foci was not
included in our simulations, Also, past management actions of alien plants and wood harvesting on
the Agulhas Plain have probably eradicated some source populatons. Finally_ the availability of fine-

scale environmental data limited the idendification of plant-enviromment mteractons, These [actors
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contribute to the unexplained variance in the models. Despite these limitations, this study brings a
deeper understanding of the main drivers of invasion process at a regional scale and provides a

quantitative assessment of the role of propagule pressure in mediating environmental barriers.

Modelling species range/abundance

Species distribution could be modelled with satisfactory accuracy using classification trees (total
accuracy of around 70%, Table 3). This confirms that correlative approach is appropriate for
modelling species distribution. This view is supported by many other similar studies on plant
distributions (Guisan and Zimmermann, 2000, and references therein). For invasive species, it was
however shown that the predictive power of static modelling is limited (Higgins et al., 1999,
Collingham et al., 2000). These techniques are appropriate for large-scale patterns but that they
provide poor results at fine spatial scales. Natural vegetation categories seem to be the most general
predictor of invasive species distribution (Table 1). More detailed environmental factors had value as
determinants of invasibility, but different sets of variables were implicated for different species.
Because no framework currently exists for modelling species distributions, the environmental
determinants identified are likely to be specific to the species and the study area investigated. It is thus
difficult to compare the factors identified as major determinants in this study with those identified in
other studies. Pearce and Ferrier (2000) and Guisan and Harrell (2000) found that environmental
factors could be used to model species abundance, but such factors were not good determinants of

abundance for the three alien tree species studied on the Agulhas Plain.

Interestingly, propagule pressure (modelled as a function of distance to probable source populations)
was a much better indicator of species distribution and abundance than any other environmental factor
considered (see Table 3). In previous studies of invasive species distribution, species response to
environment might have been confounded with simply propagule pressure. Few studies have assessed
the relative importance of ecological interactions and propagule availability in producing observed
patterns of species distribution at the local scale (Foster, 2001). Propagule pressure, although modelled
rather simplistically, was crucial for simulating invasions of three alien tree species on the Agulhas
Plain. I noted differences among species, and the effect of propagule pressure was more significant for
P. pinaster than for the two Acacia species (Table 6). Rejmének et al (in press) provided quantitative
assessments that support the notion that high propagule pressure is positively associated with invasion
success. Using data on extent of planting and naturalization/invasion of 57 Eucalyptus taxa, they found
that propagule pressure (expressed as extent of planting) is much better correlated with invasive
success than any set of traits that distinguish ‘invasive’ from ‘non-invasive’ taxa on the basis of life

history, or any other features of biology.
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Plant-environment interactions

Several studies have demonstrated the importance of plant-environment interactions in modelling
species range/abundance (Higgins and Richardson, 1998 and references therein) but incorporating
these interactions in modelling is challenging (Higgins and Richardson, 1996). This study reports on
interactions between rate of spatial spread and environmental factors for three invasive species. The
role of propagule pressure was isolated from the role of environment by looking at variation in
residuals of spread rate in relation to environmental heterogeneity. For example, it was found that the
spread rate of Pinus pinaster was regulated by climate (annual number of growth days and mean
annual precipitation) and land use (distance to roads) (Table 7). This clearly highlights the importance
of plant-environment interactions in modelling plant invasions, a view supported by several authors
(Williamson, 1996; Higgins and Richardson, 1998). In future modelling studies of plant invasion, |
suggest that spatial spread (or dispersal at a local scale) should be modelled in relation to

environmental conditions. This implies that predictions about invasions must be context-specific.

In order to conceptualise and parameterise plant-interactions in the invasion process, several authors
have-suggested visualising invasion process of a series of barriers that an introduced species needs to
overcome before becoming invasive (Richardson et al., 2000b). This study offers opportunities to
identify some of these barriers and to quantify their effects on spread at a regional scale. For all three
species, the amount/number of propagules available (propagule pressure) clearly affects the strength of
various environmental barriers (Fig. 7). However, environmental barriers affecting rate of spread (i.e.
once propagule pressure has been accounted for) are species-specific. Barriers could be geology,
topography, climate, or land use without any consistent hierarchy among the three species (Fig. 7).
Surprisingly, land use was not identified as the major barrier to invasion. There were some indications
that spread was reduced in transformed habitats (cultivated fields mainly), but climatic or topographic
factors were more significant (Table 7). The Agulhas Plain is however heavily fragmented, so one
would expect invasive species to respond strongly to land use changes. Other studies, which focused
on local dispersal, have shown that landscape structure can affect dispersal success. Dispersal success
was considerably reduced in landscape with < 30-40% habitat, but the intensity of the effects was
mitigated by habitat clumping (King and With, 2002). Modelling studies also suggest that invasive
species might perform better than natives in fragmented ecosystems (Richardson et al., 2000a).
Disturbance, natural or human-induced, is often mentioned as a factor-promoting invasion because it
produces areas of bare ground permitting seedling establishment (Hobbs and Huenneke, 1992; Kolar
and Lodge, 2001). At a local scale, the spatial configuration of bareground (e.g. large/small gaps,
ramdomly/regularly-dispersed gaps) greatly affects the spread of invasive species (Bergelson et al.,

1993). Predictions at landscape or regional scale, such as this study, could be improved by quantifying

48



Chapter 3

more rigorously aspects of disturbance regime and intensity, and the spatial structure of landscape,

factors that are generally not accounted for in such studies (Chapter 7).
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Chapter 4

Current patterns of habitat transformation and future threats to biodiversity in

terrestrial ecosystems of the Cape Floristic Region, South Africa

Abstract

The formulation of an effective strategic plan for biodiversity conservation in the Cape Floristic
Region (CFR) requires an assessment of the current situation with regard to habitat transformation,
and an explicit framework for predicting the likelihood of remaining habitat (i.e. that potentially
available for conservation) being transformed. This chapter presents the results of a detailed
assessment of the current and future extent of three important factors that threaten biodiversity in the
CFR: cultivation for intensive agriculture (including commercial forestry plantations), urbanisation, and
stands of invasive (self-sown) alien trees and shrubs. The extent of habitat transformation was mapped
at the scale of 1:250,000, using primarily satellite imagery. I compared models derived from a rule-
based approach relying on expert knowledge and a regression-tree technique to identify other areas
likely to be affected by these factors in future.

Cultivation for agriculture has transformed 25.9% of the CFR and dense stands of woody alien plants
and urban areas each cover 1.6%. Both models predict that at least 30% of the currently remaining
natural vegetation could be transformed within 20 years. There was an overall accuracy of 73%
between both models although significant differences were found for some habitat types. Spatial
predictions of future agriculture threats derived from the rule-based approach were overestimated
relative to the statistical approach, whereas future alien spread was underestimated. Threat assessment
was used to derive conservation targets for subsequent stages of conservation planning for the CFR.
The importance of integrating vuinerability knowledge into conservation planning is discussed. The
choice of vulnerability analysis (future habitat degradation and/or impact on biological entities) and

methods will depend on the complexity of the threatening processes and the availability of spatial data.

Introduction

The emphasis in conservation planning world-wide has been on identifying salient features of

biodiversity (Franklin, 1993). Preserving biodiversity has for many years focused on the lower levels
of biodiversity, namely species (ESA, 1973) or populations (Rojas, 1992). Because of the complexity
of biodiversity, surrogates (e.g., habitat types, species assemblages) have also been used as indicators
of biodiversity (Noss et al., 1997). This ‘coarse-filter’ approach assumes that by protecting a portion

of every habitat type, all or most of the biodiversity in these habitats is preserved.
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Less attention has been given to identifying, in spatially-explicit terms, the factors that
threaten biodiversity now, and how these are likely to change in the future. Loss of habitat through
land use practices has been recognised as the major threat to biodiversity (Wilcove et al., 1998).
Detailed knowledge of threats to biodiversity should be an essential component of conservation
planning for two main reasons. Firstly, conservation planning must operate within the constraints of
current and likely future land use changes (transformed land usually has very low conservation value,
and areas with high transformation potential are problematic for incorporating in reserve networks).
Secondly, the spatial dimensions of land transformation (current and predicted) have implications for
setting objective targets and for implementing conservation strategies (Margules and Pressey, 2000;
Myers et al., 2000; Pressey and Cowling, 2001). Because conservation resources are scarce, there is
an urgent need for identifying priorities for conservation actions. Habitats that are already modified
should ideally receive more protection effort than those relatively free of human activities because the
latter are in a way self-protected to a large extent by their harsh environmental characteristics (e.g.
mountainous areas on unfertile soils — factors that have limited human development). Moreover,
habitats susceptible to be transformed in future should receive priorities in conservation action. As
implementation of conservation decisions is never immediate, the consideration of threats reduces the
likelihood of losing important habitats following land use change before they can be protected. One
strategy for implementing conservation decisions is to select areas on the basis of irreplaceability
(contribution of the area in terms of conservation goal) and vulnerability (risk of the area being
transformed) (Pressey et al., 1996; Pressey and Taffs, 2001). A conceptually similar approach has been
suggested for identifying hotspots of biodiversity at a global scale whereby hotspots are defined as
“areas featuring exceptional concentrations of endemic species and experiencing exceptional loss of
habitat” (Myers et al., 2000).

Over the last decades, several models of land use change have been developed to project and
quantify future land use and cover (see reviews in Riebsame et al., 1994; Veldkamp and Lambin,
2001). Most of the literature on threats to biodiversity in conservation planning has focused on
identifying threats to biodiversity at the species level (Master, 1991; Rebelo, 1992; Sisk et al., 1994;
Flather et al., 1998). Threats were categorised according to the Red Data Book species status or by
estimating potential impacts following human development (Abbit etal., 2000). Fewer studies have
assessed threat levels for plant communities or habitat types (however see Pressey et al., 1996;
Margules and Pressey, 2000). Although the loss of habitat due to land use practices has been
recognised as the main cause of decline in biodiversity (Soulé, 1991), conservation decisions seldom
incorporate estimates of future changes in land use (Menon et al., 2001). White et al. (1997) estimated
risks to biodiversity looking at the impact of future landscape aiternatives on species distribution and
abundance. Stoms (2000) investigated the potential impacts of land use conversions, human

population growth and roads effect on ecological communities in relation to the Gap Analysis
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Program. I present here an approach exploring future land use changes based on current land use

pattern in the Cape Floristic Region.

The Cape Floristic Region covers 87 892 km? at the southern tip of Africa. It is home to over 9 000
plant species, of which 70% are endemic (Goldblatt and Manning, 2000), and 1 406 Red Data Book
plant species, the highest known concentration of rare species in the world (Cowling and Hilton-
Taylor, 1994). Previous assessments of conservation status in the CFR or part of it were based on
species rarity or complementary indexes (Rebelo and Siegfried, 1992) or on threatened taxa (Rebelo,
1992; Richardson et al., 1996; Lombard et al., 1999). The CFR is extensively transformed by
agriculture, alien plant invasions, and urban development (Rebelo 1992; Lombard et al., 1997). These
are the major agents of habitat transformation that can be mapped and applied to spatially-explicit
conservation plans. Other threats such as mining, unsustainable exploitation of natural products (e.g.
harvesting of wild flowers) are certainly important in the CFR but their impacts cannot be accurately
mapped for use in spatially-explicit models. Spatial pattern of current habitat transformation has been
explored only for small parts of the CFR: the Agulhas Plain, which represents 2.5% of the CFR
(Lombard et al., 1997), the Cape Peninsula, which represents less than 1% of the CFR (Richardson et
al., 1996), and the coastal lowlands of the Western Cape (Heijnis et al., 1999).

This chapter aims to: 1) describe the extent of habitat transformation in relation to the main terrestrial
habitat types and protected areas in the CFR; and 2) spatially identify and compare future areas likely
to be transformed using two modelling approaches (rule-based and statistical models). Extent of
current and future habitat transformation was included in the formulation of conservation targets for
each habitat type (see Pressey et al., in press). Rouget et al. (in press) explored the extent of current

and future habitat transformation in different categories of protected areas.

Methods
Mapping habitat transformation

LANDSAT Thematic Mapper imagery was identified as the most appropriate source of information
for mapping the current spatial dimensions of habitat transformation posing the most immediate and
widespread risk to terrestrial biodiversity at the scale required for this project. I mapped current land
use (defined as urbanisation, forestry plantations, and cultivation) and alien plant cover (subdivided in
three categories, see below). All these categories were spatially mutually-exclusive. In this chapter,
current land use and alien plant cover are refered as habitat transformation factors whereas future

changes in land use and alien plant cover are later refered as threats to biodiversity. A summary of the
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LANDSAT mapping is provided below; further details on the mapping procedure are given in Lloyd
et al. (1999).

The LANDSAT TM imagery was captured between December 1997 and February 1998 and
was geometrically rectified at the scale of 1:50 000. The unsupervised (automatic) pattern-recognition
algorithm in ERDAS Imagine (1997) was used to produce thematic layers containing discrete classes
(i.e. clusters of pixels with similar spectral characteristics). The Iterative Self-Organising Data
Analysis Technique (ISODATA) (Tou and Gonzales, 1974) was applied to all LANDSAT TM scenes
covering the study area.

Each of the following classes was extracted by interpolation of these unsupervised
classifications: urban areas; agriculture (cultivation, orchards, vineyards, bush cleared, heavily
grazed); forestry plantations (mainly Pinus and Eucalyptus stands) and "natural vegetation” [later sub-
divided to reflect the cover of woody alien plants - none to low-density woody alien plant cover
(<20% cover);, medium-density woody alien plant cover (20-75% cover); high-density woody alien
plant cover (>75% cover)]. "Water" and "sand" were also identified as classes.

The "natural vegetation” class was divided into the three alien plant density classes only after
this broad category had been satisfactorily separated from other classes. The initial classifications
resulted in a number of mixed classes in certain areas (e.g. natural vegetation and cultivation).
Various techniques were applied to separate these mixed classes. There were fairly extensive
misclassifications of alien plant density. Alien plants were defined as invasive species of Acacia,
Eucalyptus, Hakea, Eucalyptus, Leptospermum and Pinus (see Richardson et al., 1992).
Misclassifications were mostly the results of shadows caused by aspect and slope in the mountains,
small areas of cloud cover, recently burnt areas, actively growing crops on centre pivots and cultivated
lands, and clumps of certain indigenous trees and shrubs (notably Sideroxylon inerme and
Leucadendron spp.) that have spectral signatures similar to those of the dominant alien trees and
shrubs. In most cases, misclassifications were manually recoded to the relevant class based on
knowledge of the project team and consultation with local authorities.

The relatively dense infestations of hakea in the mountains could not always be distinguished
from native Proteaceae during the classification of the LANDSAT TM images. Existing Hakea data
from the Protea Atlas Project (Rebelo, 1991) were coded and incorporated into the final layer. The
boundaries of urban arecas were delineated by visual interpretation of the LANDSAT image and screen

digitising.

The thematic raster layers were then filtered (which outputs the class value representing the majority
of the class values in a 7x7 window of pixels) to obtain a minimum mapping unit of 25 ha, appropriate
for mapping at a scale of 1:250 000. Applying this filter to the relatively fragmented and patchy
agriculture and natural vegetation classes (low-, medium- and high-density alien plants) caused the

“loss” of smaller patches or linear strips of medium- and dense woody alien plant cover classes to the
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"none to low-density woody alien plant” class. The implications of losing small. clumped ¢lasses when

filtering a thematic map has been discussed by Moody and Woodeook (1994),

Ancillary data sets and workshops: Workshops were held with otficials from Western Cape Nature

Conservation Board 1o capture Tocal expertise to assist in the interpretation and elassification of the
LANDSAT I™M imagery. Attention was focussed on delineating the "natural vegetation® elass inlo the
three classes of woody alien plant cover Chigh, medium and low), Existing ancillary data sets of alien
plant distribution and density were also used to assist o assigning density ¢lasses to the classificd
images. Data for this purpose were supplied by the Working for Water Project { Department of Water

AfTairs and Forestry, Cape Tawt), CSIR (Stellenbosch), and South African National Parks.

Accuracy Assessiment In assessing the categorical aceuracy of the final classification, a sample of 480

random points was laken across the CFR. The categorieal accuracy of each point was zssessed by an
independent consultant who is well zequainted with the study area, and compared with the results
olbtained by the mapping team. The tolal accuracy of the overall classification was 83.9% + 2.2 {at the
954 conlidence level). The relative accuracy of the threats o biodiversity ¢lasses were 100% for
wrban {n=9); 86.9% lor agricullure (o=61% 80.0% {ur plantations {n=1{7; %2 5% [or none to low-
dhensity alien plant cover (n=382}; 25.0% for medium-density alien plants (n==8) and 32.6% for high-

density alien plants {n=19).

Standard GIS techniques in Arc View were used to compute the total area covered by each category of
habitat transformation across the CFR, and the level of transturmation [y each factor in the 16 primary

and 87 secondary Broad Habitat Units that comprise the CFR (Cowling and 1leijnis, 2001),

Predicting futtsre threals

Future changes i land use and alien plant cover are retered as threats o biadiversity, [ spatially
estimated threats associated with agriculture fincluding forestry), whanisation and alien plants that are
likely to materialise over the next two decades. I used and compared two different approaches-a rule-
based approach relying on expert knowledge and a classification tree technique- for deriving spatial
predictions of future habitat transtormation. Threats were modelled i the Niest approach ata
resolution of 1716 degree cells, This was done 10 enable anoanzlysis of priority for each planning unit
when combined with irreplacexbility values (sec Cowling et &l., in press). By using recursive
parlitioning {the second approach) | relined the resolution to 1 decimal minute (see below).
Predictions of future land use / land cover changes are based on the current disteibution of habitat

trunsformation it both cases,
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Figure 1. Map of primary BHUs (Broad Habitat Tvpes) poor to human transfowmation within the Cape Flonstic
Ruomon. Thesa habatal [ypes were derived om the basis of climats, geology and tepogmaphy {see Cowling and
Heijris, 2001 They chaructenss major vegetatton types which were later used to denive agrcudiurg and
urbanisation potential and alian plant spread (see Methods) Codes fir pnmary BHLS are @iven n Table 2.

Method 1: Rule-based modelling based on expert knowledge

Aoriculture: An acricultural threat was derved om the basis of Broad Habitat Units (BHUs) BHLUs are
a systemn of land classes that can be used as surrogates for brodiversity m the Cape Fleristic Regmon
(CFR) at a regon-wide scale (Fig. 17 see for more details Cowling & Hetjrus, 20013 The BHU: were
derived by intersecting lavers of hofogenous climatic zones, seclogy and topography in a geographic
infermaiion system. A total of 16 prnimary and B8 secondary 121Us were tdentiled in the CFR (1ng, 1)

The agriculture threat index was developed by calegorising the vulnerability of BHLTs on the
basts of sotls (using sail parent material lithology as a surrogale). climate and topography Thus,
BHUs that were associgted with fertile soils, sufficient ranfall for drvland agriculture, and leyel
topography (e g Coast Renosterveld BHUs) were scored as High, whereus BHUs associated with poor
soils, low rainfall and dissected topography (e.g. tnland Mountain Complexes) were scored as Low
Further details regarding the allocation of threat classes ts given in Cowling et al. (1999). Also, when
allocating 131 1Us to classes, future threats were anticipated; for example. some coastal Mountain
Complex BHUs (e.¢. Bredasdorp. Klemn River) were allocated igh for agniculture on the basis of the
cxpanding cut-tlower incustry.

Int the final gnd of agrreulture threat, the extant hatviat (currently untranstormad by
urbanisation or agriculture) within cach planning unit was sllocated to a category of agricultural threat

based on the highest scormg BHU n the planning umt.
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set of rules to cells of | 700m (roughly one minute} instead of sixteen degree squares, Predicticns for
future alten plant spread were calegorised as scattercd (between 10 and 50% of the cell is likely o be
invaded) and widespread (more than 50% of the ecll iy likely to be invaded). | used confusion matrix
to caleulate misclassification rate o compare the degree of similarities of both approaches. The
camparison was also made at the level of primary BHUs (Table 2) o highlight major difterences

between habitat types.

Results

Sgreetiend climensions of current land transformatfon

Thirty per cent of the area of the CFR is currently transformed by urban areas. cultivated land
{including forestry plantations). and mediune or Righ-density stands of invasive alien trees. There
were considerable differences m the spatial extent of different land use categories across the CFE
{Table 2; Appendix [},

Urbanisation covers 1.6% of the CFR but it has severely impacted lew habitat types due to ts
spatial concentration (Fig. 2), Twe BHUs — Cape Flats Fynbos/Thicket Mosaic and Blackheath Sand
Plain Fynbos- have lost more than 50% of their original area following urbanisation. Just five secondary

BHUs contain 62 5% of the 1367 kin® of urban areas.
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Figure 2. Current and predicted future patterns of urbanisation. Fuwre urban developmett was dervived from
rule-based modelling, Natjonal roads and major towns within the CFR are shown,
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Environmental correlates: The study relied on detailed data on biophysical and other features of the

CFR at a scale of 1: 250 000, 1 used 12 environmental [actors, among them those known to influence
apriculture potential (such as roughness or prowth days; Fairbanks and Scholes, 1999), plant
distribution {c.g. minimum temperature: Woodward, 1987) (Table 13, Data were collected from many
different sources o provide the necessary G5 layers {Table 1), The distance to the closest

commercizl forestry plantation was also derived.

regression trec analysis technique, to relate the distribution of current habitat transformation
{agriculture. forestry plantations, and invasion by alten plants) (o environmental characteristics, For
cach land use tactor (agriculture/torestry and invaded aress), | randomly selected 50% of the grid cells
atfected by this factor. Each cell contained information regarding the 12 enyironmentzl variables
described ahove. This constituted the set of “presence™ observations, A IS layer of randomn points
fthen converted (o & woid of 1 700 m by 1 700 m cells) was generated for areas nol alfected by
agriculture or alien plapts, This constituted the set of “absence” observations. Numbers of cells in
hoth sets were similar. The same series of environmental variables was derived as for the “presence”
cells, The distribution of “presence” cells versus “absence™ cells was analvsed in FIRM 1o wdentify
environmental factors characlerising areas allected by aprcullure or alien plants. By tncluding
“presence” {area currently transfonmed) and “absence” {area currently untransformed) observations in
the model, this approach wentifics the spatial determinants of land use aud land cover {i.e. the factors
that distinguish transformed arcas from untransformed).

1 first analysed the top three independent factors that cxplain most of the variation for each
habitat transformation factor. Theu [ applied the FIRM apalysis to predict their spatal distributions
{with likelihood of oceurrence greater than 00.5), 1 excluded Broad Habitat Units (BHUs) from the
avalysis of prediction of threat occurrence becavse BHUSs were derived on the basis of climate, soil
and vegetation {Cowling and Heijnis, 2001), including many of the discrete environmental factors,

Potential maps of distribution for each threat factor were gencrated vsing the environmental
factors identified as the major determinants of the distribution of each factor from the FIRM analysis.
'These maps were compared with the actual distribution of agriculture and alien plants. Prediction
accuracy was caleulated as the percentage ol cells (both “absence” und “presence™ data) correctly
predicted by the mode| (Fielding and Bell, 1997). Areas currently untransformed but identified as
suitable for agriculture or invasion by alien plants {i.c. they share the same environmental

characteristics as areas currently cultivated or invaded) were considered under threat.

Maodel comparison
The cutputs of both models were compared for spatial predictions of agriculture and alien plants future

expansion. | adjusted the resolution of the rule-based approach to one-minute, by applving the same
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technique ts described in more detail in Chapter 2). Recursive Modelling has also shown 1o yietd
more aceurate predictions than standard hinear models (Frankting 1998; De’ath & Fabricius, 2000;
Rouget etal., 2001). 1 madelted future land use change (expansion of agriculture and forestry) and
land cover changes {spread of invasive alien plants). Future land usc and land cover changes werc
derived fur currently untransformed areas (i.e. under natural state), these changes are defined as threats
1o biodiversity. This approach enabled (1) to understand which factors influence agriculture expansion
and alien spread, and {2} o dertve spatially-explicit predictions of agriculture and alien spread that are
likelv to materiatise in the near future (10 to 20 years). Understanding of spatiat determinants af
apriculture and alien ptant cover were based on the current distribution of these factors, Onee the
spatial determinants of agriculture and alten piant cover were identified. | was able to predict based on
these determinants where land use conversions are more likely o take place in the future. i did not
attempt to model urbanisation, as the socto-ceonamic factars most likely to influcoee future urban
development (e.g. population growtl, economic incentives) were nat available in a spatiaily explicit
manner For e entire regicon, | combined agricuiture and forestry threals because no new afforestation
ts likely to occur in the CFR: indeed large arcas under forestry will be transterred (o other forms of
tand use in a 10 year pltanning horizon. Also maost land that has high potential For forestey also has high
pulential for many types of agnculture {namety dairy, vineyards and deciduous fruit), I assumed that
agriculture expansion wautd carry on aver the tiext 10 years and would nat deeline, Thus, any area
currentty transformed by agricuiture (as well as urbanisation, and alien plant invasion) would remain

transformed in future.

Data conversion: 'The model reselution was determined by the scale of availabie climatic data (one-
minute resolution), The ariginal layer of current transformation was thus converted w a | 700m grid
(i.e. minimum mapping size of 289 ha, roughly 1 mimute resolition). Slightly different approaches
were required when assigning valucs to these ceils for agriculture and alien plants, Cultivated areas
{including forestry) cover a very large part (>25%) of the CFR and a very high proportton of the grid
cells contained some cultivated tand. | labetled anly those cells where cultivation covers more than
3064 of the cell area as "coirivated” (majority rule). As most of the arcas occupicd by alion plants
oceur in smatl patches, these arcas would be Tost in the wrid conversian by using the majority rule. The
percentage of the cell arca occupicd by alicn ptants was therefore cansidered as the cetl value, |
combined the medium- and high-density calegories because there were wo few celis ol the latter for
FIRM analysis and because prelintinary analysis showed that there was no signifteant differences in
the enviromnemat correlates far the two classes, The percentage of alien plants in each cell was later
grouped into rhree catepories: "none”, "patchy" {covering 10-50% of the cell area), and "widespread”
{=50% of the cell covercd), Cells where alien plants cover <1 0% of the cell {i.e. 29 ha) were ignored

for the analvsis,
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Method 2+ Statistical modelling bused on classification tree

Unlike the method deseribed above, this modelling technique required no understanding of processes,

but was based exclusively on a statistical extrapolation of existing land use patterns. This approach

assumed that the distribution of agriculiure and invasive species is largely determined by

envirommental variables {(such as ¢limate, geology. or topography). An important assumption here was

that current distribution of invasive species and agriculture approximate equilibrium distributions (i.e.,

that these tactors have had sufficient time to sample all available environment in the CFR). Statistic

models focus on identilying environmental constraints. They allow to better understand interactions

betwegen spatial determinants and the distribution of different land use/land cover changes. However, it

is difficult 1o distinguish between causality and correlations. These models allow spatial predictions of

land use changes but do not address the temporal component of these changes {Seroeels and Lambin,

2001),

Numerous statistical methods are available to predict a response variable based on a series of

environmental predictors {e.g, logistic regression, principal component analysis, and generalised

additive models). | opted for recursive partitioning, a flexible non-parametric method, which has

shown Lo accurately model landscape patlerns (Reichard and Hamilton, 1997, Chapter 2). Recursive

gartitioning s an attractive statistical technique but requires large data sets (Vayssieres et al., 2000; the

Table 2: List of primary BHUs within the Cape Floristic Reglon. Major faciors of cutrent habilet transiprmation
within the Cape Flotistic Region ste given o percentages of the ares of each primery Broed Habitat Linit. Urban;

proportion of BHU currently urbanised; Agric, proportion of BHU curmrently under cultivation {including

agriculture); Alien-L: proportion of BHY! currently invaded at low density (<20% cover and includes areas free

of mvasive alien plants); Alien-h: proportion of BIIU invaded at mediwm density (20-73% cover); alien-H:

proportion of BHU currently invaded at hich density {75% cover).

Primary BHUs code Areza Urban  Agric  Alien-L Alien-M Alien-H
(km?)
Dune Pionheer iy 205,44 588 522 7372 3.52 11.37
Fynbos / Thicket Mosaic Fr 2994359 1038 2483 5005 641 ¥.34
Sand Plain Fynbos SPF 677111 6.9] 4007 5040 [ 4G 1,16
Limestone Fynbos LF  Z2063.24 12 1473 7562 545 4.08
Grassy Fynbos GF 3655467 .04 2598 6505 i.50 4,43
Fynbos:Renosterveld Mosaic  FR 333176 .04 40,36 54.33 0.79 3.27
Coast Renosperveld CR 1398982 123 BO.58 1T 37 075
Inland Renosterveld H 4 o134 72 [+.35 1663  HE2Z2H 0.2 0.53
Mounlain Fynbos Complex MFC 2847533 (132 7.50 8991 1.02 [.24
Wypieveld WY 2330.75 h34 819  §1.15 10 0.2]
Strandveld 1Y 96276 0.46 2203 7140 09 0.02
Broken Veld BY 729501 Q.50 9.18 39,87 12 0.53
Mesic Succulent Thicset MST  531.14 [.459 26893  6T.E9 24 343
Xeric Succulent Thicket AST 244303 018 325 D622 05 0.29
Afrpmontane Forest AR 209681 250 3531 5Baf 0.37 315
[ndian Ocean Forest 10 357.38 382 1144 71.74 L.56 il.33
Cirang Tutal 739160 1.56 2586 69 14 02 1.39
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realistic value across the entire planuing domain for these predictions (e Maitre ¢t al., 1596,
Higgins ¢t al., 2001}
4. [ did not consider the spread of aliens between planning units.

Giiven a 7% average annual expansion rate, and taking into the account both the thickenmg-up
of presently sparse and medium-density stands as well as spatial expansion of the invading population,
ptanning unigs that currently have about 35% cover of dense aliens or 30% cover of dense and
medium-density aliens combined, would have 80% coverage of dense stands within 20 years,
assunling no intervention. Similariy, areas with currentiy low cover (= 5%) of moderate and dense
stands of aliens would become 20 — 30% thus invaded after 20 years.

Therefore, aien threat was allocated for each planaing unit using the foliowieg rules:
- it & = B0% oiextant habitat, thent alien threat = N (nene);
- 1l Dense > 35% of extant habitat, then alien threat = High:
- it (Lense + Moderare) = 50% of extant habitat, then alien threat = High;
- it { Dense + Moderate) > 5% of extant habitat, then alien threat = Moderate,
- othgrwise, alien threat = Low,
where Dense = area of dense aliens, Moderate = area of moderate-density atiens; NV = area of extant

habital in won-susceptibic BHUSs,

Table L: Environmental factors used For the statistical modelling of fuwre agrouliure expaision and alieq plant
spread in the Cape Floristic Region. CCWR = Computing Centre for Water Research, University of Natal,
Bietermaritzburg; 56 - Surveyor General; GCT - University of Cape Town; DEM = Digital Elevation Modal,
Data types: categornical {cal.; number of categories in brackets); continuous {conl.; units in brackets),

Environmental variables Code Source Type
Creolopy GEOLOGY Dept, of Geological Sciences, UCT  Car (1)
Aldtitude ALTITUBRE 50, derived from REM Comt, {m)
Slope SLOPE S0, dermved Toom BEM Comt. ()
Eoughness ROGGHNESS  SG, derived from DEM Cont.

C.Y. of altitude CYALTI 5, derived from LBEM Cont. {%a)
Growth femperature GTEMP COWR Conr {oC)
MiLnnuwm temperature MINTEMP COWR Cant. (o)
Mean annual precipitation MAF CCWR Cont.{mm]
Number of growing days UDAYS CCWR Cont.
Distance o the nearest muin HESTROAD 80 Cont. (km)
roamd

Listunce to the coasthine LISTCOAST 80 Cont {km)
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1 rbanisation: Fulure urban developiment has been modeled using various approaches such as rule-
based simulation {e.g, Swensan and Franklin, 20001 or complex sociosconomic and lransportation
stnulations (e.g. Landis, 1994), To my knowledge. there (s no conservation planning exercise that
considered future urban development in a spatially-explicit manner ar a regional scale, Madelling
urban development reguires detailed knowledge of social and economic interactions in the region (T.
Leiman, personal communication), | modelied Future urbanisation threat very simplistically and |
acknowledge that g detailed study of the complex urbanisation processes within the CFR — including
rapid grawth in the luxury and infarmal sectors in some areas — may have produced (marginally)
ditferent results. Urbanisation threat was modelled at the same resolution as the planning units used in
the conservation plan {1.e. 116" degree square). [ modelled vrban growth spreading from existing
urban nodes into adjacent areas, | assuimed that urban development could occur in areas currently
cultivated, For each planning unit in the CFR, my approach was as Tollows:

- it = 30% of the planning unit area is urbanised. then threat = High;

- if the area within 5 km radius from urban centre on leve) terraim (stope < 83, including current

urban areas, covers 35% of the planning unit then threat = High;

- if the area within 5 kin radius from wrban centre an level terrain (slope < 8%, including current

urban areas, cavers 0% of the planning unit then threat = Moderate,

- otherwise, threat = Low.
This simple model assumed equal likelilrood of any urban centre spreading at the same rate. This
could be improved in future modelling of urban development. [ did not attempt 1o predict the growth

ol informal settlements.

Alien Plants: Extant habitat {i.¢. natural vegetation not densely invaded) within each planning unit was
classified as low. moderate, or high regarding future alien plant threat. Four assumptions were made
tar the categorisation of planning umis;
I, Extant habitat in BHUs that were not susceptible to invaston by the alien species specitied
above, namely karroid {semi-arid) habitats, was regarded non-susceplible, even ifalicn plants
had invaded azonal habitats such as drainage lines: those habitats mostly consist of inland
Renosterveld, Vypielveld, Broken Veld. and Xeric Succulent Thicket.
2. Areas within susceptible BHUs that coinprised dense stands of aliens were excluded from
extant habitat, since these areas were, by definition, no longer susceptible ta alien plant
invasion,
3 When predicting likely increases in the extent of invaded areas in planning units over the aext
20 years, [ considered the role of thickening up of moderate-density stands as well as the spatial
expansion of invading populations, the latter being mostly adjacent to currently dense stands. |
based my predictions on recent studies {reconstruction af actual invasians using historical aerial

photographs and moedelling studies); an annual increase of 7% in spatial exient was taken as a
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Agriculture, including commercial forestry plantations, covers 22 725 km™ {25.9%) of the CFR:
this form of land use is much more evenly distnibuted across the region than the other threat factors (Fig.
4). Xeric Succulent Thicket and Mountain Fynbos complex are the primary BHUS Jeast affected by
cultivaton {(Fig, 3a). Almost 80% of Coastal Benasterveld has been converled 1o agriculture. At the level
of secondary BI1Us, the top 10 Bl1LUs (in terms of the area affected by agriculture) made up 68.7% of the
total grea of agriculture,

The area classified as "natural vegetation” in Figure 3 was subdivided according to the cover of
woaody alien plants, These results show that 1 394 km® of the CFR (1.6%4) {s covered by dense stands of
alien trees and shrubs; 895 km’ by medium-density stands {1.0%), and 60 067 km”® by low-density stands
(68.3%%): the tast category tncludes areas fres of aliens (Fig. 5a). The primary BHUs with the yreatest
proportional cover of aliens were mainly those associated with mesie, lowland habitats, namely Dune
Pionezr, Thicket and Forest and Fynbos/Thicket Mosaic (Fig. 6}, In only three secondary Bl[Us was
tore than 253% of the ared under "natural vepetation” {see above) covered with dense. ar medium stands
of woody aliens. These are: South East Dupe Pioneer, Elgin Fynbos/Renosterveld Mosaic, and $t
Francis Fynbos/Thicket Mosaic. The primary BEIUs Succulent Karoo and Inland Renosterveld, both
assaciated with semi-arid to arid climates, had onty tiny proportions of their remaining areas covered by

woody attens (Fig, 51),

Spatial extent of futtre habitat tramsformation

Here, | present and compare the outcomes of rule-based and statistical madelling approaches far
predicting the spatial extent of futurs land use changes, Patterns of flture urbanisation are described

first, as they were only modelled using the rule-based approach (see Methods).

Futurg urban development

Figure 2 shows where urbanisation is most tikely to occur in 20 vears time within the CFR. According
to this simple model, future urban development could affect 9% of the CFR. This spatially explicit
madel indicates that the coastal primary BHUs, Dune Pianeer, Indian Ocean Forest and

Fynbas/Thicket Masaic, will be most affected by future urban development (Fig. 3b).

Future agriculture expansion

Figure 4 shows the predicted pattern of agriculture expansion for both approaches. This indicates that
between 15.5% (statistical modelling} and 32.0% (rule-based modelling) of the currently
untransformed land could be converted 1o agriculture, This is the most serious threat for the lowland

primary BEILs, namely Coastal Renosterveld and Sand Plain Fynbos (Fig. 3b&c).

63



Chapter 4

a) Current land use pattern
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Figure 3 The current and predicted future extent of ranstorniation by agriculture (ncbding plantation forestry)
and urbanisation in 16 prioary Broad Hlabiat Giits (BHUs) i thse Cape Florislic Region, The arco shown oy
"natural vegetation” indicates habirats not lireversibly transformed, and meludes areas mapped as low, mediume
cand high-tensity stands of alien teees and shrabs, Predictions of fdure leand wse changes are derived irom rie
based and statisticat modelling (see methods). Vrbunisation was predicted using rulebased modelfing only,
Codes for priosary BHU s ure given in Tabbe 2.
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T

Figure 4. Current and predicted fnure distribution of apriculture (including forestry) in the Cupe Floristic
Region, The potential distribution was derived from rulebased modeliing (a) and from FIRK modelling (b}
using 8 biophyvsicul factors as predictors of agricultural pattern (see dendrograrn in Fig, 7). Shaded arcas indicate
the current extent of agriculture and urbanisation, red arcas are suitable For fature agriculiure expansion

The use of FIRM (classification tree) allowed to identify the environmental determinants of
cultivated areas within the CFR, Tlight factors were required to mode] the current distribution of
cultivated areas accurately {accuracy =85%) (Fig. 7). Suitable areas for agriculture were identified on
the basis of topography (altitude. coefficient of variation of altitude, roughness, proximity to the
coast), climate {growth days, growth temperature, mean annual precipitation), land use (distance to the
rowds) and geology. Altitude was the most significant factor, and very few areas abave 300 m were
predicted as heing suitable for cultivation {Fig. 7). Spatial determinants of agriculture differed

according to altitude: reology was the mest significant factor in the lowlands (< 200m) whereas
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coefficient of variation in alntude was the most significant factor in the uplands (= 781m). On the
basts of primary BHUS enly, a FIRM analysis predicted that Cosstal Renosterveld, Fynbos Thicket
Mosaic, Fynbos Renosterveld Mosaic, Sand Flain Fynbos, and Mesic Succulent Thicket were suitable

for future agricullure development.

Invasions by alten plants

The future extent of alien plants in untransformed land (as detined by agriculture and urbanisation) is
presented in Figure 5. Between 27.2% (rule-based modelling) and 32% (statistical modeliing) of
untransformed area are likely to be invaded by alien plants. The habitat types Limestone Fynbes,
Grassy Fynbos, and Renesterveld Fyhbos Mosatc are the most threatened by future alien plant spread
(Fig. 6b & c).

Enviranmental determinants ol alicn plant mvasions are shown in Figure 8 Using four factors
{growth days. growth temperature, altitude and geology), T was able w accurately model 73% of the
current distribution of alien stands in the CFR. Climatic factors appeared quite trnportant in
determining the drstribution of alien stands, Annual number of growth days was the mest signilicant
factor and annual growth temperature the second most significant factor. Patchy invaston (i.e.
occupying 10-50% of the cell area) could occur in arcas with less than 107 growth davs (high growth
temperature or low altinde),  Widespread invasion (> 50% of cell area invaded) was predicted on the
basis of growth days and geology (Fig. 8). However. this model correctly classified only 43% of
widespread invasions. The occurrence of widespread invasions was better predicted vsing primary
BHUSs only: they were predicted to oceur in Dune Pioneer, Limestone Fynbos, Fynbos Thicket

Mosaic, and Indwn Ocean Forest (this is depicted in Fig 6¢).

Comparison of modelling approsches

Although the two approaches differ considerably i their assumptions, they produced similar spatial
patterns (Fig, 4 & 3). There was 73% apreement for agricutiure and 74%4 agreement for alicn plants
{considering presence/absence of aliens only) between the bwo models. Spatial extent of fulure
agriculture threats dertved from the rule-based approach were higher than those derived from the
statistical approsch (Fig. 43 This created some important differences in levels of ageicultwee threat inthe
primary BHUs Limestone Fynbos or [nland Renosterveld (Fiz 3b).

O the contrary, spatial extent of future alien threat derived from the rule-based approach were
lewer than those derived irom the statistical approach (Fig. 5). There was a poor correspondence of alien
ptant density between the two approaches (Fig. 9). Fitty five percent of the areas categorised as
widespread by the rule-based approach were classified as scattered by the statistical method (Fig. 9a):
whereas 599 of the argas categorised a5 scattered by the statistical approach were ¢lassified as not

mvaded by the rule-based approach (Fig. 9b). Such differences are reflected in the predictions of slien
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Figure 5. Current {u) woel predicied fubure distobution of invasive alsn plants in the Cape Floristic Reglon. The
finturg extent of alien plants was denved from ride-based modellng {b) and FIRM modelling (c) ustng 4
biophysical factors as predictoss of alien plant disinbution (sse dendrogram m Iig ). Shaded arsas indicate the
current extznt of agriculture and urbanisation, areas of future scaticred mvasions are shown m orange, arcas of
tuture widespread invasions in red.
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2) Current extent of alicn plants
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Figure 6. The urrent (a) and furure extenr of scattered and widespread stands of invasive (selBsown) alicn trees
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vigetation” in Fig, 2. Prediciions of future alien plant spread are derived from rulebased and statistical
mdelling b and o respectively ), Codes Tor prioary BHUS ace given in Table |
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Figure 7. Determinanis of the distribution of cultivated areas in the Cape Floristic Rygion. The dendrogram was
generated by FIRM (see text). Signilicant factors are indicated in the boxes, significant values that distinguish
suitable from noo-suitable areas are mdicated in the ellipsoids. The variables indicale: ALTITUDE (elevation
above sea level mmetersy; GEOLOGY (11 geological categories of bedrock); ROUGHNESS (indicator of
topographical heterogeneityy: QLAY S (ammual number of days suitable for plant growth). DISTCOAST
{distance from the coast line, in km); CVALTI (coefficient of vaiation of altitude); MAP {mean anoual
precipitation in mun l; DISTROAD (distance from major reads, in kmy; and GTEMP (growth temperature in"C);
(for details of these and other variables vsed in modelling, see Table 1), The first factor is indicated on top the
subsequent splits below. For example, areas at altitndes above 78[ m, with a coetficient of variadon of altitude
< |, and with = B0 growth days per year were classified as suitable for agricultore,
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Figure 8. The determinants of invasion by alla trees and shrubs in the Cape Floristic Regiot (no distinction was
made between species in the mapping, but the most widespread taxa aredcacio cyclops, A mearnsii, 4. salign,
Hakew spp., Finw radiete and P pincsier, with smaller areas of Evcafypins spp.). The dendrogram was
generated by FIRM analysis (see text), Significant factors are indicated in the boxes, significant values that
differentiare between scattered invasions, widespread invasions, and norrinvasible habitat are indicated in the
etlipsnids, The variables indicate; GDAY S (annual number of days suitable for plant growth), GTEMP (growth
temperature in "CY; ALTITUDE (elevation above sea level in meters), GEQLOGY (1] geological categories of
bedrock) ¢ for details of these and other variables used in modelling, see Table 1), The st factor on the
dendrograrn is indicated on top, the subsequent splits below, For example, areas with = 190 growth days per
vear and with growth temperature values = 15.1°C were classified as suitable for scattered invasions {10 - 50%4

of cell affected).
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plant invasiens. for example. in the primary BHUs Afremontane Forest and Mountain Fynbes Complex

(Fig. 6b & ¢),

Figure LU shows the intensity of future habital transformation according to both approaches. Predictions
from rule-based modelling indicate that 31, 8.8, and 1.4% of currently untransformed land is likely to be
affected by one, two or three threat catepories, respectively. Similarly, predictions trem statistical
medelling indicate that 23.1, 8.5, and 1.3% of currently untranstormed land is likely to be affected by

one, two or three threat catepories, respectively.

Dixcussion

Crerres prattern of Rabitaf fransformation

This study has shown that 30 % of the CFR is currently wansformed by agriculture (including
commercial forestry plantations}, urbanisation and alien plants (Appendix 1), Estimates of agriculture
and urbanisation extent for the CFR derived from the national land cover database were very similar
{Fairbanks et al,, 2000). Results of a recent country=wide survey of the distribution of alien and shrub
species (Versteld et al,, 1998) gave similar estimates of the extent of dense stands of alien species int the
CFR. This suggests that remote-sensing Was an appropriate technigue for quantifying the extent of alten

plant invasions.

Comparison of future extent of alien planis
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Figure Y. Comparison of madelling approaches for predicting furure exeent of alien plant invasion. Uig. 9a
shorws how calegories derived from rulebased modelling were elassified by FIRM modelling: Fig. 9b shows
how catrgories derived from FIRM medelling were classified by the rulebased approach,
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Urbanisation

Twao types of urban development ocour in Scouth Africa. It must be borne inmind that these results reflect
mainly formal development, The extent of informal settlements 1n the (IR has prabably been under-
estimated. as thev could not easily be adentified on Landsat images. The development of informal
settlements is highly dvnantic and their impacts are likely to be high on the remaimung lowland
vegetation within the major metropolitan areas of the CFR. namely Cape Town and Port Elizabeth.

Lirban development 15 currently Emited to few areas in the CFR. especially the Cape Town and Port
Elizabeth metropolitan areas, and the central seuth coast known as the Garden Roule This form ol
transformation affects T 367 km® (1.6 % of the CFR). However its mpacls can be severe in relation lo

the overall biodiversity patiern in the region, The Cape Town Metropole (the Targest urban centre.

Figure 10, Intensity of future land use changes according to mle-based (a) and stabistical (b} modeling
approaches, The infonsity was deaved by snpenmposing 2ach individual threat, Areas tnyellew are pradicied 1o
experlence one type of threat, areas in orange, two types of threat: and areas in red, three types of threal
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spreading over 50 km®) is recognised as a centre of plant endemisim, with 74 Red Data Beok plant
species oecurring within the metropole, especially in sinall emnants of lowland habitats (Rebelo and
Sieplried, 1990; Richardson et al,, 1998). Some secondary BHLU s, namely Cape Flats Fynbos/Thicket
MWosaic and Blackheath Sand Plain Fyabos have been so heavily transformed (Wood ctal, 1994) that
mare than all remaining habitats 1s reguired 1o achieve conservation tavgets (Pressey et al, in press).
These remnants should recetve immediate conservation effort for two reasens: 1) they score high on the
basis of irreplaceability because of the high level of endemism {(few options available my order w achicve
conservation targets) (Maze and Rebelo, 1999), and 2) they ave very vuluerable to habitat loss or
degradation due to the threat intensity, Cowling and Bond (1991) found that small remnants (5-15 hay of

lowland Fynbos can sustain biodiversily provided they are subject to fires.

Agriculture

Apnculture (ncluding plantation lorestryd 1s the magor agent of habilatl transformation in the CFR, and
covers 22 725 kot (25.9% of the CFR). The impacts are greatest on lowlands habitats (Fig, 4), especially
those whiel have level topography, ferlile soils and where rainfall is sufficient for agriculture. This has
lead 10 a mosaic of remnants of natural vegetation { see Kemper ¢f al., 999 for i detailed study on
renosterveld habitat fragmentation), As for urbanisition, some very diverse habitats have been
massively transtormed following agricultural expansion. This is the case in the Elgin Basin, the West
Coast Renosterveld, and the Agulhas Plain -a highly fragmented and human-madified area of high
species richiness and endemism (Cowling, 1992, Lombard et al., 1997).

In some cases, transformation is so extensive that several habitats, occurting on fermile shale-
derived snils of the coastal forelands. have lost morg 1han 75% of their original extent {e.g. Overberg
and Swartland Coasl Benosterveld where 90% of their ariginal extant have been converted to
agriculture). Remarkably, plant species composition in small remnants of coastal renosterveld appears
unaffected, relative 1o that on extensive tracts of habitat, suggesting that these remnants still have &
riole 1o play in species-level canservation (Kemper et al.. 1999). Moreover, in the case of BHUs where
the available habitat is hess than the conservalion target, these remnants represent the only option for
achicving this target (see Cowling et al,, in press; see alse Margules and Pressey, 2000, Pressey and
Talfs, 2001}

The degree of fragmentation was somelimes under-estimated due to the mapping resolution {25
ha) tor the CAPE project (see Chapter 6). Another limitation of using land cover data derived from
satellite mmages 13 that il fails 1o accurately estimate habitat degradation by avergrazing or chemical
pallutants. While the latter i3 probably significant anly around the twe major metropolitan areas in the
CPR (Cape Town and Port Elizabeth), overgrazing is a factar in many lowland and semi-arid (kacraid)
BHUs,
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Alien plant invasions

The extent of stands of invasive alien trees and shrubs was estimated to cover 2.6 % of the CFR (2 290
km’). Previous attempts of mapping invasion extent over the last few decades have reported higher
estimates (see Macdonald and Richardson, 1986; Richardson et al., 1992, 1997 for recent reviews).
For the fynbos biome only (which represents 87.9% of the CFR), Macdonald et al. (1985) estimated
the combined extent of self-sown Hakea and Pinus species to be 6 641 km’, and 8 092 km? for other
thicket-forming alien tree/shrub invasions (mainly Australian species such as Acacia cyclops, A.
longifolia, A. saligna, Eucalyptus spp., Leptospermum laevigatum and Paraserianthes lophantha). It
is likely that these previous assessments have inflated estimates through inappropriate extrapolation
from the small proportion of the CFR for which good data were available. In many previous
assessments, areas mapped as “invaded” often contain large blocks of uninvaded land. Support for the
estimates from this CFR-wide study come from the results of a recent countrywide survey of woody
invasive plants (Versfeld et al., 1998). If I extract regional data from this survey to give asclose an
approximation as possible for the geographical extent of the CFR, 1 find that dense stands occupy
1.30% of the area. However, the rugged topography, cloud cover, and overlapping spectral signatures
of alien and indigenous species were problems that undoubtedly influenced the accuracy of the
mapping (Lloyd et al., 1999). Given the scale of this survey, many small stands of alien plant species
were definitely missed. Nonetheless, the mapping methodology applied here enabled to obtain a CFR-
wide map that is: 1) more consistent than any previous effort; and 2) very suitable for use in this
modelling.

This assessment of the distribution of invasive alien plants dealt only with large trees and
shrubs — these lifeforms are currently the greatest problem among all alien plants in the region.
Herbaceous alien plants have notable impacts in some lowland ecosystems (Richardson et al., 2000).
The extent and impacts of herbaceous invaders are likely to increase in the future as a results of the
combined efffects of disturbance, agricultural activities, and changing fire and nutrient regimes
(Richardson et al., 2000). Further work is needed before one could confidentially predict the spatial

dimensions of likely future increases in extent and impact.

Assessing future threat to biodiversity

There has been a long debate on how to allocate priorities for conservation areas, and various
approaches have been suggested based on threatened taxa (Master, 1991; Flather et al 1998);
threatened ecosystems (Beissinger et al., 1996); per cent of remaining natural habitat and protection
status (Dinerstein and Wikramanayake, 1993); endemism and vulnerability in “hotspots” (Myers,
1988; Mittermeier et al., 1998); and irreplaceability and vulnerability (Pressey, 1997). All these

approaches include an analysis of threat level, in other words, the likelihood of losing a portion of
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extant biodiversity. However, only recently have studies attempted to identify threat patterns in a
spatially explicit manner (Pressey et al., 1996, White et al., 1997; Higgins et al., 1999; Abbit et al.,
2000; Stoms, 2000). Such approaches are essential for conservation planning for at least three reasons:
1) they enable explicit predictions of the magnitude and type of biodiversity loss (Abbit et al, 2000);
2) when combined with the conservation value of a parcel of land, an assessment of vulnerability to
threatening processes enables the identification of priorities for conservation action (Pressey et al,,
1996); and 3) they enable the identification of land parcels doomed by unavoidable threats and, hence,
the early search for alternative options (Pressey, 1997) . What is clear is that rigorous studies of the
spatial depiction and temporal manifestation of threats to biodiversity are essential for strategic
conservation. No attention has been given to comparing different methods of threat analysis. The
outcomes of the rule-based and statistical methods used to model the spatial distribution of future

threats by urban development, agriculture expansion and alien plant spread are compared below.

Model limitations

Modelling future urban development requires detailed information on socio-economic factors, local
and national policies, level of infrastructure, and terrain (Clarke et al., 1997). Compiling the necessary
data for the Cape Floristic Region was beyond the scope of the project. Therefore the accuracy of this
simplistic model of urbanisation threat is probably questionable, and the spatial outcomes should be
considered as likelihood of urbanisation rather than true predictions. The factors used in this study
(distance to urban centres and slope) have been used elsewhere to adequately model future
urbanisation pattern (Wear et al., 1998; Gunter et al., 2000) although these studies were conducted at a
finer scale. Based on these factors, the areas of future urban development identified by the model
clearly have a higher probability for development than other areas,

I estimated the vulnerability of habitat types to agriculture based on expert knowledge and
statistical modelling based on environmental factors. The first approach was done at a coarse scale
since variations in the topography were not considered within each habitat type. Higher resolution in
the threat estimation was provided by the classification tree method since it included the effects of
terrain morphology, climate and geology on agriculture potential. This explains the higher proportion
of the CFR predicted to be transformed by agriculture using the rule-based approach (Fig. 4). Both
models consider agricultural expansion only and do not account for a reduction in agricultural
practices. Crops currently in decline in the CFR include deciduous fruit and forestry. However, it is
unlikely that the actual change in the extent of cultivated land will be substantial since these crops are
likely to be replaced by alternatives that yield greater economic returns(e.g. grapes, cut flowers, and a
new wave of indigenous crops, mainly teas and oil-yielding plants) (R.M. Cowling, personal
observation). Moreover, land currently under plantations will also be reallocated to agriculture or other

land uses.
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Alien plant spread has been successfully modelled in some parts of the CFR using individual-
based models (Higgins et al., 2001) and logistic regression (Higgins et al., 1999). Individual-based
models require detailed knowledge of the species involved and their use has been limited to small
geographical ranges (i.e. <50 km’). This simple model of future spread of alien species, based on
existing invasive stands, probably under-estimated the spread as it did not account for long-distance
dispersal and species introduction into new areas. The importance of long distance dispersal was
illustrated by Higgins et al. (2001). I also assumed a unique rate of alien spread regardless of the
species involved or environmental conditions. The second model based on FIRM (classification tree
method) estimated the potential distribution of alien plant species based on environmental factors.
Although such models assume a quasi-equilibrium state of species distribution, they have been
successful in predicting current and future species distribution in many systems (Chapter 2, Vayssieres
et al., 2000; Rouget et al., 2001).

Rule-based versus statistical modelling

Although the overall threat pattern was similar using both approaches (Fig. 4 and 5), there were
substantial differences in threat level predictions within habitat types (Fig. 3 and 6). Rule-based
approaches, also called expert systems, have been used elsewhere to assess the extent of future threat
(see Crist et al. 2000; Theobald et al., 2000). Statistical methods, such as logistic regression have also
been applied to predict future threats (see Gunter et al., 2000 for predicting urbanisation). The
classification tree used here can be considered as an extrapolation of the current patterns based on
environmental correlates. The relatively good spatial agreement between both approaches (73%)
suggests that future agriculture development and alien plant spread are likely to follow current
distribution patterns. The rule-based approach was more appropriate to predict agriculture potential
for crop types not yet developed wild-flowers and newly emerging indigenous crops that can be grown
on soils unsuitable for conventional crops (Turpie and Heydenrych, in press). Such areas would have
been missed by the statistical approach. Regarding future alien plant distribution, the rule-based
approach probably better simulates the spread of existing stands, whereas the statistical method
identifies sites where alien species are likely to spread if they were to be introduced. Thus, the latter
approach gave higher estimates of future alien spread (Fig. 9). It should be however possible to
combine rule-based and statistical models; while rule-based models can include processes such as rate
of change, statistical models are appropriate for identifying constraints.

Choosing the most appropriate method will depend on the type of threat considered, the scale
of the study, and data and knowledge availability. Static models based on environmental factors (such
as the classification tree method used here) should perform better for modelling extensive habitat
transformation. This is clearly the case for agriculture in this study. Agriculture development is also

largely influenced by soil and climatic conditions. On the other hand, more dynamic threatening
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processes such as urbanisation can be accurately modelled by expert-systems (Crist et al., 2000) or
mechanistic simulation models (Clarke et al., 1997). Since expert-systems or complex simulation
models require detailed knowledge of the processes involved, which might not always be available for
regional or broad-scale assessments, their use is mostly limited to welk-investigated processes at a
local scale. There is a growing literature on modelling species distribution using new computational
methods (Guisan and Zimmermann, 2000; Peterson and Vieglais, in press). Many of these techniques

are directly applicable to conservation planning, especially for predicting future threat distribution.

Type of threats and threatened taxa

Most of the studies which have explicitly integrated threats to biodiversity into conservation planning
have focused on threatened taxa (Master, 1991; Rebelo, 1992, Beissinger et al., 1996; Dobson et al.,
1997; Lombard et al. 1999). Surprisingly, relatively few studies have investigated quantitatively the
factors directly responsible for species endangerment in relation to conservation (but see Flather et al.,
1998; Wilcove et al. 1998). Both approaches described in this chapter enable the quantification of the
extent of future threats for each biodiversity entity (BHU) considered. To be of real interest for
conservation planning on the ground, threat assessment was developed here in a spatially-explicit
manner, with knowledge of threat intensity for each planning unit (see Pressey et al., in press).

Although previous assessments in various parts of the world have focused on one type of
threat (e.g. logging in New South Wales, Pressey et al., 1996; human population and development in
the United States, Abbit et al., 2000), a multi-threat approach is recommended. Among the numerous
factors leading to biodiversity reduction, habitat destruction and degradation is generally considered as
the primary factor, followed by alien species (Wilson, 1992; Wilcove et al., 1998). | modelled
separately future habitat transformation by urbanisation, agriculture and alien plant invasions. The
relatively low level of overlap between these three threat categories (Fig. 10) suggests that future
threat would have been under-estimated by considering one type of threat only. However, there is still
no clear understanding on how to quantitatively combine threatening processes into a single value of
threat intensity, as their impacts on biodiversity loss or habitat degradation vary (Flather et al.,1998;
Pressey and Taffs, 2001).

Threats to biodiversity consist of two components: 1) the likelihood, and the extent, of habitat
being degraded or lost, and 2) its impacts on species persistence or population viability (Pressey and
Taffs, 2001). The relationships between those two aspects are quite complex and are likely to be
species dependent. Except for global-scale assessments (see Beissinger et al., 1996), there have been
almost no studies that use both components to define priority areas for conservation. Because
information on species vulnerability to agriculture, urbanisation or alien plant invasion within the CFR
is taxonomically biased and incomplete (Rebelo, 1992), this study explored the future extent of habitat
degradation only. Analyses based on the geography of threatened species are likely to provide

different spatial patterns of threat intensity due to the many different responses of species to
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environmental or anthropogenic stress (Sisk et al., 1994). Integrating vulnerability assessment into
conservation planning based on future habitat degradation and impacts on biological entities is one

promising way of ensuring the persistence of all levels of biodiversity.
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Commercially-important trees as invasive aliens —

towards spatially explicit risk assessment at a national scale

Abstract

Alien species that are desirable and commercially important in parts of the landscape, but damaging
invaders in other parts, present a special challenge for managers, planners and policy-makers.
Objective methods are needed for identifying areas where control measures should be focussed. |
analysed the distribution of forestry plantations and invasive (self-sown) stands of Acacia mearnsii
and Pinus spp. in South Africa; these two taxa account for 60 % of the area under commercial
plantations and 54 % of the area invaded by alien trees and shrubs. The distribution of commercial
forestry plantations and invasive stands of these taxa were mapped and the data was digitized and
stored on GIS (Arc/Info) layers. A series of environmental parameters were derived from GIS layers
of climate, topography, geology, land use, and natural vegetation. The current distribution of the two
taxa was subdivided into three groups according to the degree of invasion, the forestry history and the
precision of the data collection. | used regression-tree analysis to relate, for each taxon, the distribution
of invasive stands with environmental variables, and to derive habitat suitability maps for future
invasion.

At a sub-continental scale, the current distribution of invasive stands was influenced more by
climatic factors than by the distribution of commercial plantations for both taxa. Using environmental
factors identified by the regression tree, I found that 6.6 and 9.8% of natural habitats currently
untransformed by urbanisation or agriculture are suitable for invasion by Pinus spp. and A. mearnsii
respectively. | then derived guidelines for policy on alien plant management based on vegetation type,
degree of transformation, extent of invasion, and the risk of future alien spread. These factors were
used to identify demarcated areas where these alien species can be grown with little risk of invasions,

and areas where special measures are needed to manage spread from plantations.

Introduction

Biological invasions have major economic and ecological impacts. The formulation of effective, long-
term strategies for managing invasive alien organisms requires perspectives from different spatial and
temporal scales. Detailed studies on the ecology of invasive species are essential for planning control
programs. For example, landscape-scale assessments of alien spread can show when and where
mechanical control could be effectively used (Higgins et al., 2000). Regional or biome-scale

assessments have shown the relative susceptibility of certain larger units within a region (e.g. climatic
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zones) to invasion (Reichard and Hamilton, 1997). Insights from all these scales are needed to
understand the ecology of invasions, but such knowledge has limited value for policy makers. Ata
national scale, policy-makers face two main types of problems: 1) to implement legislation and other
measures to keep potential invasive alien organisms out of the region; and 2) to manage those alien
species already present in the region to curtail their spread and reduce actual and potential impacts.
Screening systems for predicting invasive plants have been developed for some regions to address the
first problem (e.g. Tucker and Richardson, 1995; Pheloung et al., 1999; Daehler and Carino, 2000).
The second problem demands (among other things) a more spatially-explicit approach to identify risk
areas and allocate limited resources where they are most needed.

The task of allocating priorities and focussing control efforts for invasive species is especially
challenging when the target species are commercially important, and therefore desirable, in parts of
the landscape. Commercial forestry trees that are also invaders are a good example of this problem
(Richardson, 1998). South Africa probably faces more severe problems from invasive forestry trees
than any other country (Richardson, 1998). The biology of invasive alien trees has been fairly well-
studied in South Africa (for reviews, see Richardson et al., 1992; Richardson et al., 1997, Richardson
and Higgins, 1998), and there is a reasonable understanding of the dynamics of invasion for many of
the most widespread invasive species (e.g. seed biology, dispersal dynamics, the role of fire and other
forms of disturbance in initiating and sustaining invasions). Such information is useful for
management at the scale of landscapes (e.g. for tree invasion in fynbos, van Wilgen et al., 1992;
Higgins et al., 2000, Higgins et al., 2001), but is not particularly helpful for planning long-term
strategies at regional and sub-continental scales.

This chapter addresses the issue of what information is required by policy makers to
implement appropriate national strategies for dealing with invasive alien plant problems. Invasions
associated with plantation forestry activities in South Africa provide an informative case study. This
study was prompted by the recent promulgation of legislation stipulating that the forestry industry
should manage invasive alien plants to minimise their negative impacts on the environment. In terms
of this legislation, certain species (including Pinus spp. and Acacia mearnsii) are categorised as
invasive, but their commercial value is taken into account. Such species can only be grown in
demarcated areas, where a permit is required; the species will be considered weeds outside these areas
and landowners will be obliged to control such species on their property. Landowners with permits to
grow invasive species will also be required to take reasonable steps to prevent them from spreading
onto adjacent land. This legislation will place a major onus on landowners to prevent the spread of
invasive species. But to what extent are invasions of species that are also grown in commercial
plantations driven by the current plantations? And to what extent should commercial forestry

companies be held responsible for managing invasions?
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Such legislation represents a major step in implementing strategies for managing invasive alien plant
species. However, the spatial dimensions of demarcated areas where alien species could be grown
have yet to be precisely defined, and there is much uncertainty on how this could be done. Criteria are
lacking for the objective classification of areas with regard to their susceptibility to invasion, and
consequently the identification of areas where special measures are needed to manage invasions. Suzh
predictive understanding is required at the scale of management decisions and policy-making -at a
national scale in this case.

The aim of this study was thus to analyse the current and likely future patterns of alien plant
invasion at a sub-continental scale to provide inputs to the development and implementation of the
policy described above. I concentrated on two commercially-important tree taxa: Acacia mearnsii and
Pinus spp. The study has three parts: 1) an assessment of the determinants of current and future
distribution of invasive populations in South Africa; 2) an assessment of the importance of the curreat
configuration of commercial forestry plantations in determining the distribution of invasive stands;
and 3) the provision of guidelines for managing commercial plantations and invasive stands to

minimise the negative impacts due to the invasiveness of these taxa.

Methods
Distribution of invasive stands and plantations

Data on distribution of invasive stands of Acacia mearnsii, Eucalyptus spp. and Pinus spp. were
gathered in 1996 as part of a national assessment of the extent of the invasive alien plants that affects
the water resources of South Africa (Versfeld et al., 1998). The extent of self-sown stands of these
taxa was mapped using expert knowledge of local landowners and managers within each province.
This was supplemented by information from existing databases. Alien-invaded areas were mapped as
polygons with species and percentage cover data (7 categories, from rare to dense, see Versfeld et al.,
1998). All data were captured in a Geographic Information System (Arc/Info). Versfeld et al. (1998)
provide a complete description of the mapping approach. The quality of the data gathered was
variable, depending on the level of information available in each province. To limit the risk of

overestimating the extent of invasion, a conservative approach was taken by restricting the study to

89



Chapter 5

Table 1. Potential predictors used in the analysis of determinants of distribution. For each variable, its
importance presented (i.e. number of times the variable was used in theanalysis). Bold numbers relate to
primary factors in the first analysis. *: used once, * *: used less than five times, * * *: used more than 5 times.

VYariables Code Type Importance
Biome BIOME Categorical (7) i
Vegetation VEG Categorical (16) *
Geology GEOL Categorical (16) i
Land cover LANDCOV Categorical (12) **
Mean annual precipitation MAP Continuous
Mean annual temperature MAT Continuous ® %
Minimum mean temperature MINTEMP Continuous *
Mean temperature (hottest month) MTHOT Continuous * %
Mean temperature {coldest month) MTCOLD Continuous * %
Growth days GDAYS Continuous k&5
Growth temperature GTEMP Continuous
Mean number of days of heavy frost FROST Continuous
Mean Minimum Soikwater stress (% stress days) SWS-MIN Continuous *
Mean Maximum Soil-water stress (% stress days) SWS-MAX Continuous %%
Distance to the nearest plantation (km) DISTPLANT  Continuous

areas mapped as invaded at 5 %cover or higher. Preliminary maps using this cut-off closely matched
data from a wider range of other sources and my own field experience throughout South Africa. The
original polygons (captured at the scale of 1:250 000) were converted to a grid with a cell size of one
decimal minute. A cell was considered to be invaded if alien plants occured in more than 10% of the
cell. I then reclassified the invaded areas into two percentage cover classes: scattered (5-20%), and
dense (> 20 %).

The data for Eucalyptus species was problematic for several reasons, e.g. large areas in the
northern parts of the region mapped as invaded at low density where no invasions occur. Once
invasive stands of Eucalyptus spp. with < 5% cover were removed, the Eucalyptus data set was too
small for modelling purposes. Eucalyptus spp. are much less invasive than Acacia mearnsii and Pinus
spp. So the ommision of data for this taxon did not compromise the aims of my study. Data for4.
mearnsii and Pinus spp. were much more accurate, and I focussed on these taxa for modelling their
future distribution. I did, however, include the extent of invasive stands of Eucalyptus spp. in the
biplots (see below). Many species of Pinus have been planted in South Africa, but only five species
(P. elliottii, P. patula, P. pinaster, P. radiata, and P. taeda) are currently widely grown in commercial
plantations (Le Maitre, 1998, p. 423). Clearly, different species of Pinus have different responses to
environmental conditions and display different degrees of invasiveness in different habitats
(Richardson and Higgins, 1998). However, available maps of plantations and invasion at a national
scale do not distinguish adequately between species of Pinus. I was thus forced to model the
determinants of distribution for several species combined. Despite the differences in the ecology of

the species, and the different disturbance regimes and other environmental factors in the vegetation
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Table 2. Vegetation types from Low and Rebelo (1996). It was reclassified into 16 groups based on similar

climatic and geologic atiributes for the FIRM analysis. Habitats entirely modified by humans (cultivated and

urban areas, water bodies, and mines) were excluded.

Code Vegetation type Group Area (km®) % transformed %
protected

1 Coastal Forest Forest 656.03 3.96 9.51
2 Afromontane Forest Forest 4499.73 10.60 17.64
3 Sand Forest Forest 199.41 17.39 44,62
4 Dune Thicket Thicket 3661.63 31.49 14.49
h) Valley Thicket Thicket 22232.77  12.08 2.14
6 Keric Succulent Thicket Thicket 8594.86 242 8.01
7 Mesic Succulent Thicket Thicket 1991.21 13.35 5.33
8 Spekboom Succulent Thicket Thicket 5170.21 1.68 1.76
9 Mopane Shrubveld Mopane Shrubveld  2387.14 0.00 99.99
16 Mopane Bushveld Mopane Shrubveld 1927341  6.79 38.29
11 Soutpansberg Arid Mountain Bushveld  Mountain Bushveld 4358.12  4.84 12.59
12 Waterberg Moist Mountain Bushveld Mountain Bushveld 11418.39 8.23 8.55
13 Lebombo Arid Mountain Bushveld Sweet Bushveld 4176.05 8.65 37.96
14 Clay Thorn Bushveld Thorn Bushveld 15198.51  33.33 0.93
15  Subarid Thorn Bushveld Thorn Bushveld 7707.63 7.72 0.22
16  Eastern Thorn Bushveld Thorn Bushveld 9398.28 13.13 0.45
17  Sweet Bushveld Sweet Bushveld 15782.29 12.58 2.34
18  Mixed Bushveld Sweet Bushveld 59681.39 15.44 3.08
19 Mixed Lowveld Bushveld Sweet Bushveld 16328.5 18.99 28.25
20  Sweet Lowveld Bushveld Sweet Bushveld 5407.19 15.13 67.26
21 Sour Lowveld Bushveld Lowveld Bushveld 1830526 20.22 9.65
22 Subhumid Lowveld Bushveld Lowveld Bushveld  1306.28 6.64 21.49
23 Coastal Bushveld/Grassland Coastal Bushveld 1167849 3964 14.03
24  Coast-Hinterland Bushveld Coastal Bushveld 9886.69 2593 3.56
25  Natal Central Bushveld Natal Bushveld 1633428 14.76 1.56
26  Natal Lowveld Bushveld Natal Bushveld 9661.27 15.70 17.81
27  Thoray Kalahari Dune Bushveld Kalahari Bushveld 212993  2.58 99.76
28  Shrubby Kalahari Dune Bushveld Kalahari Bushveld  35312.91 0.88 19.45
29  Karroid Kalahari Bushveld Kalahari Bushveld 17686.8 1.93 0.13
30  Kalahari Plains Thom Bushveld Kalahari Bushveld 47976.89 7.66 0.47
31 Kalahari Mountain Bushveld Kalahari Bushveld 12493.47 0.12 0.03
32 Kimberley Thorn Bushveld Kalahari Bushveld  25877.06 20.29 312
33 Kalahari Plateau Bushveld Kalahari Bushveld 2226745 4.01 0.00
34  Rocky Highveld Grassland Highveld Grassland 22617.14  31.23 1.38
35  Moist Clay Highveld Grassiand Highveld Grassland  9693.06 27.55 0.00
36  Dry Clay Highveld Grassland Highveld Grassland 2051.9 65.77 0.00
37  Dry Sandy Highveld Grassland Highveld Grassland 34381.13 3343 0.28
38  Moist Sandy Highveld Grassland Highveld Grassland 14588.72  26.53 0.67
39  Moist Cool Highveld Grassland Highveld Grassland 4663593 37.25 0.29
40  Moist Cold Highveld Grassland Highveld Grassland 21877.3 41.78 0.63
41 Wet Cold Highveld Grassiand Highveld Grassland 9146.85 7.55 6.72
42  Moist Upland Grassland Mountain Grassland 4353207  16.01 2.52
43  North-eastern Mountain Grassland Mountain Grassland 3980975  10.21 7.42
44  South-eastern Mountain Grassland Mountain Grassland 2246397 0.73 0.33
45  Afro Mountain Grassland Mountain Grassland 1540948 10.71 0.00
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Table 2 (ctd.)
Code Vegetation type Group Area (km®) % transformed %
protected
46 Alti Mountain Grassland Mountain Grassland 11586.01 3.32 12.53
47  Short Mistbelt Grassland Mountain Grassland 4693.36  23.62 2.37
48  Coastal Grassland Coastal Bushveld 2898.67 10.07 1.13
49  Bushmanland Nama Karoo 8§1211.89 1.76 0.03
50 Upper Nama Karoo Nama Karoo 39275.1 0.46 0.03
51 Orange River Nama Karoo Nama Karoo 51918.85 1.66 1.47
52  Eastern Mixed Nama Karoo Nama Karoo 7640293 3.68 1.08
53 Great Nama Karoo Nama Karoo 18305.26 0.13 0.17
54  Central Lower Karoo Nama Karoo 24747.07 0.56 0.04
55  Strandveld Succulent Karoo Succulent Karco 3757 7.54 0.40
56  Upland Succulent Karoo Succulent Karoo 37911.02 1.44 4.39
57  Lowland Succulent Karoo Succulent Karoo 30532.85 2.81 1.30
38  Little Succulent Karoo Succulent Karoo 9184.42 6.73 2.34
59 WNorth-western Mountain Renosterveld Renosterveld 1592.39 4.72 0.00
60  Escarpment Mountain Renosterveld Renosterveld 5875.37  0.64 0.13
61  Central Mountain Renosterveld Renosterveld 7678.73 17.01 3.63
62  West Coast Renosterveld Renosterveld 6178.82  90.83 1.76
63  South and South-west Coast Renosterveld  Renosterveld 14322.84 359.87 1.42
64  Mountain Fynbos Fynbos 27694.87 7.11 26.14
65  Grassy Fynbos Fynbos 6291.53  9.05 16.14
66  Laterite Fynbos Fynbos 630.02 36.70 0.47
67  Limestone Fynbos Fynbos 218195 450 13.84
68  Sand Plain Fynbos Fynbos 5239.57  58.19 1.05

types in which the species are planted, the invasion dynamics of the five species are reasonably similar
(Richardson and Higgins, 1998, p. 463).

Data on the distribution of commercial forestry plantations were mapped from 1:250 000
LANDSAT TM images of 1993 (Fairbanks et al., 2000). Only plantations greater than 25 ha were
mapped; this layer therefore excludes small woodlots where Pinus and, especially, Adcacia mearnsii.
were also planted. Forestry stands were mapped as polygons with species data (dcacia mearnsii and
Pinus spp.), and the distance from the nearest plantation was computed using a grid with cell size of

one decimal minute.

Environmental variables

Climatic variables were obtained from the Computing Centre for Water Research (CCWR; University
of Natal, Pietermaritzburg). These climatic parameters were derived from regression analysis or other
simulation models (Schulze et al., 1997), and were available as GIS layers (Arc/Info) at a one by one-
minute grid resolution. Climatic factors used in the analysis are listed in Table 1. Two additional
bioclimatic variables - growth days and growth temperature - were added. These ecologically
meaningful variables take into account the potential for plant growth. Growth days represents the

number of days when sufficient moisture is available for plant growth; it is defined as the sum of the
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monthly ratios of precipitation to potential evaporation (where precipitation is always assumed greater
than evaporation). Growth temperature gives the mean datly temperature of the growth days (see
Fairbanks and Beu, 2000 for further details ot these bioclimatic mdexes). Soil-water Stress is linearly
telated to median monthly precipitation and scpatate cquations were derived for each major rainfall
regions within South Africa (see Schulze et al., 1997). The following variables were also included:
vegetation tyfres and bome {Low and Rebelo 1996}, land cover {Fairbanks et al., 2000}, geology, and
provinee. Because of the limitations of the FIRM programme (se¢ below), the otiginal 68 vepetation
tvpes were reclassified into 16 broad vepetation types based on climatic and geologic similaritics (sce
Table 2 and Fig. 1), Geology was classified into 16 categories based on the frequency distributions for
planted and invaded areas (the top fitteen geology types were kept separate, and the otbers, all with
trivial areas, were clumped into one category). The variable "province” was included 1o take inlo
account the disparity in data collection (some provinees were better surveved than others)y and the

different histories of afforestation {oldest plantations in the west, youngest plantations in the east).

Stertisiical analysis

The analvsis comprised three steps: 1) split the data into subsets accerding to the provinee
subdivisions to account for different invasion patterns, history of atforestation and methads applied in
data collection: 2) derive maps of areas likely to be invaded in the near future (20 to 50 vears) using
regression-tree avalysis: and 3) assess prioritics for management and policy guidelines using

correlation biplots.

Splitting the data

Fach provinee in South Africa has a different afforestation history— many plantations in the Western
Cape arc several hundred vears old, whereas those in Eastern Cape or Mpumalanga were established
much more recently {(Richardson et al.. in press). Funtbermore, the data collection was collated during
workshops within each province, resulling in strong differences in data mapping between provinces
{Versfeld ot al, 1998). Because of the points mentioned above, | analyvsed patterns of alien plant
invasion al a provincial level, T thus subdivided the data into three “provinee groups™ for Acacia
niearnsif and Pl spp. based on plantation history, invasion patterns, and data collection. Changes in
percentage cover of invasive species was analysed by FIRM (see below) using province as an

explanatory variable,
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Figure 1. Provinge boundarics and vegetalion map ol South Alrica showing the 16 vegetation types used (see
Table 2 lar maore details on the vegelation Wypes). CB: Coustal Grasslund, FO: Forest, FY: Fynbos, HG: Highveld
Cirussfand, KB: Kalahari Bushveld, LB: Lowwveld Byshveld, MB: Mopan: Bushveld, MG Mountain Grassland,
MB: Hatal Bushyveld, WK Namn Karoo, RE: Benosterveld, S8 Sweet Bushveld, SK: Succulent Kareo, TB: Thotn
Bushveld, TH: Thicker, WB: Mountain Bushyeld,

Mapping arcas likely to be invaded in future

1 used Formal based Inference Recursive Modelling (FIRM} (Hawkins, 1993), a regression-tree
analysis technigue 10 relate distributon of invaded areas to environmental charactenstics, Recursive
partitioning is an attractive statistical technigue for analysing large datasets, and it has shown to yield
more decurate predictions than standard Linear models (Hawkins, 1995 De’ath and Fabricios, 2000;
Vayssieres et al., 2000). This method has been successtully applied to modelling alien plant species
distribution at sub-continental {Reichard and Hamilton, 1997, regional (Chaptler 43, and local {Rouget
el al. 2001) scales. A [ull description of the methodalogy 1s given in Rouget et al, (2001) and in
Chapter 2. Advantages of this non-parametric method are that both categorical and continuous
variables can be incorporated in the analysis, and that it uncovers structure in data with variables that
can be hierarchical, nonlingar or categorical. [t alse captures nonadditive behaviour, where the
relutionships between some predictors and the response variable depend on the values of other

predictors.
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Chapter 5

In the FIRM approach the data set is successively split into smaller subsets, based on the
values of the predictor variables. Each split is designed to separate the cases in the node being split
into a set of successor nodes that are maximally homogeneous. The output of FIRM is a dendrogram
that provides an intuitive pictorial interface to understanding the structuring of the problem as well as
an effective way of making further predictions.

First, I determined the factors affecting the distribution and percentage cover of invaded areas
for each taxon. For each cell containing invasive trees, I derived a series of 17 environmental
predictors (including the distance to the nearest plantations, see Table 1). This constituted the set of
"presence" observations. A coverage of 5000 random points (then converted to a grid of Iminute
resolution) was generated outside the invaded area. The same series of environmental predictors was
derived as for the grid of invaded areas. This constituted the set of "absence" observations. The
percentage cover of invaded cells versus non-invaded cells was analysed in FIRM to identify whick
environmental characteristics are suitable for spread of the two invasive groups considered. The null
hypothesis was that the distribution of invaded areas was primarily influenced by their distance from
the commercial forestry plantations. To test this hypothesis, I ran a FIRM analysis for each species
using only one factor, distance to the nearest plantation. Separate analyses were run for each set of
provinces (see Table 3).

Next, I derived maps of the potential extent of future invasion for each taxon from the
dendrograms generated by the FIRM analysis. Dendrograms show areas predicted to be invaded using
appropriate combinations of environmental variables (e.g., growth days > 160 in Fig. 5). For each
node of the dendrogram (i.e. for each combination of environmental factors), the category (medium or

high % cover of invasive stands) was predicted to occur if this category was over-represented

Table 3. Subdivision of the invasion patterns according to provinces boundaries. Sample size, mean percentage
cover and standard deviation relate to a FIRM analysis of all invaded aeas vs. 3000 random locations
uninvaded. Province subdivision was the single most important factor to explain the spatial distribution of alien
plants at a broad scale. A separate analysis of invasion pattern was thus was made for each subset (see Method3.
Province groups are sorted by decreasing degree of invasion.

Province Provinces Sample Mean %  Standard
___group size cover deviation
Invasion by Pinus spp.
i Western Cape 1518 209 19.8
2 Eastern-Cape, Kwazulu-Natal, Free-State, 1308 7.1 12.2
Gauteng
3 Mpumalanga, Northern Province 477 2.6 5.4
Invasion by Acacla mearnsii
i Eastern-Cape, Kwazulu-Natal, Gauteng, 1748 23.6 294
Mpumalanga
2 Western Cape 938 19.6 .
3 Free-State, North-West Province 494 3.7 14.1
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in the node (likelihood of occurrence higher than 0.5). Since all environmental variables were
available in GIS format for the whole country, I identified areas likely to be invaded by selecting
appropriate

environmental conditions (according to the respective dendrogram) for the occurrence of medium and
high density stands. The area identified was considered as the potential distribution of the invasive
taxa, and thus are under future risk of invasion (if not already invaded). The model accuracy was

calculated as the percentage of the dataset correctly classified.
Analysing potential impacts on vegetation using biplots

Biplots are very useful techniques for visualising multivariate data (Gabriel, 1971; Underhill, 1990).
They can be considered as the multivariate analogue of bivariate scatter diagrams. Biplots show a
scatter of n points, representing the n samples, and superimpose information on the original variables,
generally represented by vectors starting from the origin. As the scatter of points is derived by
multidimensional scaling, some degree of approximation must be accepted to display the information
in two dimensions (Gower and Hand, 1996). In this study, [ used correlation biplots, which display
best correlation between variables.

I briefly describe the major properties of biplots and how to interpret them. Figure 2 shows a
hypothetical correlation biplot for 10 vegetation types (labelled from 1 to 10) and 4 environmental
variables. The cosine between the vectors of two variables represents fhe coefficient of correlation
between these two variables. Monthly precipitation and mean temperature are thus uncorrelated (angle
close to 90°), while precipitation and altitude are strongly positively correlated (acute angle), and
altitude and percentage transformed are negatively correlated (obtuse angle) (Fig. 2). The scalar
product between a sample point and a variable (Y) gives information on the relation between the Y-
value for the sample point and the mean of Y (Gower and Hand, 1996). In the case of the percentage
of transformation, vegetation types 1, 5 and 7 are more transformed than in average, vegetation types
3, 4, and 10 did not differ from the average, and vegetation types 2, 8, and 9 are less transformed than

average (Fig. 2).
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Temperature
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Figure 2. Hypothetical biplot for illustrating its main property and how to interpret it. Four environmental
variables and 10 sample points (representing 10 different vegetation types) are displayed. The cosine between
the vectors of two variables represents the coefficient of correlation beween these two variables. The scalar
product between a vegetation type and a variable (Y) gives information on the relation between the ¥value for
this vegetation type and the mean of Y. All vegetation types falling on the left of the dashed line have ths less
transformed than in average, and all vegetation types falling on the right are more transformed than in average
{shaded area).

I analysed each vegetation type in relation to four variables: 1) the mean % cover of the
invasive taxon of concern; 2) the mean % cover of other invasive species (Adcacia mearnsii and
Eucalyptus spp. for Pinus spp., and Pinus and Eucalyptus spp. for A. mearnsii); 3) the % of the
vegetation type suitable to be invaded in future -based on maps of potential distribution of invasive
taxa, and 4) the % of habitat transformed. These factors are likely to be the most important criteria for
setting policies and management guidelines. I used vegetation types as they were the only system of
land classes available at a sub-continental scale, and are appropriate mapping unit for national-scale
conservation planning (e.g. Reyers et al., in press). Separate analyses were made for each subset of
provinces. For each invasive taxon and each province group, I derived biplots based on the vegetation
types present within the province group, and the four variables mentioned above. I did not include
vegetation types where no invasive occurs and where no risk factor was identified, as it considerably

reduces the percentage of the total variation explained in two dimensions by the biplot.
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Results
Current distribution of invasive species

Three distinct groups of invasion patterns were identified for Pinus spp. according to provinces (Table
3 and Fig. 3). Most of the invasive Pinus stands occur in the Western Cape (Fig. 3; mean % cover of
20%), the province with the longest history of forestry plantations in South Africa (762 km’ currently
afforested). This constitutes the first group (Table 3 and Fig. 3). The second group consists of recent to
fairly recent forestry plantations (3 922 km’) with few stands of invasive species recorded (mean %
cover of 7%). This group comprises the Eastern Cape, Kwazulu-Natal, Free State and Gauteng
provinces. The last group consists of Mpumalanga and Northern Province where forestry plantations
started very recently and where invasion is not widespread (Fig. 3; mean % cover of 2.6%).

The invasion pattern of Acacia mearnsii was slightly different and I was able to distinguish
three groups (Table 3 and Fig. 4). The first group relates to dense invasive stands and large extent of
forestry plantations. This group includes Eastern Cape, Kwazulu-Natal, Gauteng, and Mpumalanga
provinces (mean % of cover 23.6%). The second group is the Western Cape province (long history of
planting) with some densely invaded areas (mean % cover of 19.6%). The last group consists of the
Free State and the North-West province where the plantation extent and the spread of 4. mearnsii is
still limited (Fig. 4).

Distribution of invaded areas in relation to forestry plantations

Distance to the nearest commercial plantation was moderately significant in explaining the distribution
of invasive stands. In all FIRM analyses that explored the determinants of the distribution for the two
taxa, distance to the nearest plantation was never used as a primary factor (Table 1). It was sometimes
included as a secondary factor (Table 1). When this factor was analysed separately, it reveals different
relationship between percentage cover of invaded areas and distance from plantations for both taxa.
No pattern was found in the case of Acacia mearnsii percentage cover (Table 4). However, I found
that the percentage cover of Pinus spp. decreases with increasing distance from the nearest plantations
(Table 4). The effect was stronger for the third province group (most recent pine plantations) where
invasion percentage cover decreases sharply after 3.6 km from the nearest plantation. In the Western
Cape (much older plantations), this effect was still present but the percentage cover decreased only 50

km away from the plantations.
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Table 4. Effects of distance from furestiry plantations on invasion patterns of Pimuy spp and deacia Mearnsii. A
FIRM analysis {series of chi-square tests adjusted with Banferroni procedures) was done using distance from
plantations only, The hypothesis was that percentage cover af invasive aliens decreases when the distance from
plantations (ncreases.

Province Invusioo by Pirns spp, Invasion by Acacia mearasii
group
p-valug Efact p-valug Effect
1 <0000l Deceeasing - Mo pallern
2 - Mo pattern - Mo pattern
3 <00 OO0 Checreasing - __._No pattern

Potential distribution of invasive stands

The dendrograms derived from the FIRM analysis correctly classified 91.5% of the Pirus data sct and
33% of the Acacia mearnsii data set. Eleven environmental factors were used to derive suitable habitats
for invasive spread (Table 1). Most importans environmental factors used in the models were maximum
soil-water stress (especially for A, mearnsit) and growth days (Table 1). Figure 5 illustrates the results of
one FIRM analysis for the distribution of invasive Pinwes spp. in the Western Cape. Only three facrors were
necessary 1o muxdel accurately 90% of the presencefabsence of the invasive taxon. Dense stands of Pinus
spp. were predicted for areas where number of growth days = 80 with linited soil moisture stress.
Distance from the nearest plantation was used as a secondary factor (Fig. 5). Similar dendrograms were
generated for edch province group and-each taxon, but are not shown here. Fipures 3b and 4b show the
porential distribution map of Pinus spp. and 4. mearnsii in South AfTica {generated from the FIRM

dendrograms ), These arcas have identical environmental characteristics as the areas currently invaded.

Spread of invasive taxa was only modelled in refmaining natural vegetation {currently untransformed by
agriculture, urbanisation. forestry planations and mining). According to these models, Pinns spp and 4.
mearnsii could potentially invade 6.6% and 9.8% of untransfommed land respectively. These two taxa

appear to invade difterent habitars as there was only 35% overlap between their potential distributions.
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Forestry plantations

Current % ccvers‘/
[l ©-20
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5 - 20 % cover
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Figure 3. Current and potential distribution maps of Plisis spp. Fig. 3a shows the location of the main forestry
plantations: Fig. 3b illustriutes the current invasion pattenn; and Fig. Sc shows the area suituble for future spread
generated from FIRM unalysis. The numbers refir to the provinee groups. I Western Cape; 20 Eastern Cape,
Kwazilu-Natal, Free Stute and Ganteng; 3: Mpumalanga and Northern Proyince
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Forestry plantations
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Figure 4. Current and poteatial distribotion maps of Acacia mearnsdd, Fig. 3a shows the focation of the main forestry
plantations; Fig. 3D tllustrates the current invasion pattern: and Fia. 32 shows the ares suilable for future spread
senarated from FIRM analysis. The numbers refer o the provinee sroups, 1 Eastern-Cape. Kvazulo-Natal, Gaoteng
and Mpumalanga; 2; Western Cape: 3; Iree-State and North- West Provinee.
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Current and {ulure invasion patterns in relation to vegctation types

Figures 6 and 7 show the invasion pattem of Pinus spp. and Acacia mearnsii respectively within each
provinee groups in relation to vegetation types and four key environmeital factors: pereentage
currently transformed, currently afforested, mean percentage cover of Pinus spp.. and mean percentage
cover of other invasive laxa. These biplots display accuratety in two dimensions botween 69 and 32%
of the total variation. While specific information for each vegetation type can be retrieved from the
biplots, here ! discuss the general pattern.

The risk factor, which relates to the habitar suitability for future invasion, was generally
posilively cormelated with the currenl mean percentage cover of invasive taxa. The correlation was
stronger in the first provinee group (i.e. where most of the invasive stands occur) of each invasive taxa
(Fig. 6a and Fig. 7a), W some instances, the mean per¢entage cover of invasive taxa were positively
correlated, like the percentage cover of inus spp. and the percentage cover of other invasive spp. in
the second provinee group (Fir. 6b). The degree of transformation was generally not correlated with
any other factor except in the Western Cape Province where it was strongly positively correlated with

the mean percentage cover of 4, mearnsii (Fig. 7a).

GDAYS
(<25 Ty T > 180
el o S 26.9
DISTPLANT DISTPLANT swsmw

CHRD @ @&
g xza A
.l"lll o h\
L b not suitahle for pine invasion O §-20 % cover O = 20 % cover

L

Flpure 5. Dendrogram depicling eoviroomental determinanes of the distribution of Piiws spp invasive stands 1o
the Western Cape {group 1), The dendrogram was generaled by FIRM amalysis. Significant variables are
indicaled inside boxes {see Table | for variable coding}. The first value in the circles relates to the variable
rouping, the second is the mean percentage cover of My spp. stands. If the circle appears in bold, this
condition favours invasion of high percentage cover {mare than 20%), if it appears in thin line. medium
peteentage cover (hetween 5 and 2080, GDAYS (growth days) are expressed in oumber of davs, DISTPLANT
{distance to the nearest plantation) in km, and SWSMIN {finitnym soikbwaler stress) in percentage,
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A) Group 1: WC

RANSF
OTHER
63 B | sg
62 48 e
87 67 a4
64
65
RISK oine
B) Group 2: KW, GP, F§S & EC
TRANSF
18,26 OTHER
26, 40
4
PINE
23,2434 \_|
3,373 Ny T2
AN 4. 85
< 48 °
. . 64
571542 394
43,47,63
RISK
C) Group 3: NP, MP OTHER
35, 38 RISK
]
i + 41
TRANSF E o
e 143% 34
TN 43
18, 191
26
PINE

Figure 6. Biplots displaying the extent of Pinus spp. invasion within each vegetation type in relation to four
variables: mean % cover of Pinus spp. (PINE), mean % cover of other invasive taxa (OTHER), % suitable for future

invasion (RISK), and % currently transformed (TRANSF). The numbers relate to vegetation types (see Table 2 for

coding). A separate analysis was done for each province group.
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Vegetation types largely invaded by Pinus spp. were Grassy Fynbos and Laterite Fynbos (also
at high risk of future invasion) in the Western Cape (Fig. 6a), Afromontane Forest and Dune Thicket
in the second province group (Fig. 6b), and Natal lowland Bushveld (but at low risk of future
invasion) in the third province group (Fig. 6¢). Vegetation types largely invaded by Acacia mearnsii
were Afromontane Forest and Dune Thicket in the first province group (Fig. 7a), West Coast
Renosterveld and South-West Coast Renosterveld in the Western Cape (Fig. 7b), and Wet Cold
Highveld Grassland in the last province group (Fig. 7c). Vegetation types currently invaded by Pinus
spp. in the first province group were highly suitable for future invasion (Fig. 6a), and the same pattern
was found for A. mearnsii (Fig. 7a). Few vegetation types were currently invaded at a low percentage
cover and highly suitable for future invasion. This was the case for all forest types for Pinus spp. (Fig.
6b and 6¢); and for Coastal Forest (Fig. 7a) and Mountain Grassland types (Fig. 7c) for 4. mearnsii.
Regarding the invasion pattern of Pinus spp., there were several vegetation types currently
transformed to a large extent but that appeared to be at low risk of future invasion (e.g. Coastal
vegetation types and Highveld Grassland, Fig. 6b). I found the opposite pattern in few vegetation types
for A. mearnsii, where, for example, coastal Renosterveld was highly transformed, invaded, and at

high risk of future invasion (Fig. 7b).

Discussion

The dynamics of invasion by Acacia mearnsii and Pinus spp.

I modelled the habitat suitability for future invasion using recursive modelling. This method
successfully identified the main environmental determinants of the current distribution patterns as
more than 80% of the original data was accurately classified. However, like every static modelling
approach, it assumes a pseudo-equilibrium between the environment and observed species patterns
(Guisan and Zimmermann, 2000). This assumption probably does not hold for invasive species that
have been recently introduced, as such species have not had time to colonise every suitable habitat.
This was confirmed by the lack of correlation between the mean percentage cover of invasive species
and the proportion suitable for future invasion for vegetation types where the species has been recently
planted (Fig. 6¢ and Fig. 7c). In places where forestry plantations have been present for much longer,
there was a strong positive correlation between those two factors (Fig. 6a and Fig. 7a). This indicates

that most of the area suitable for invasion is already invaded.
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Figure 7. Biplots displaying the extent of Acacia mearnsii invasion within each vegetation type in relation to four
variables: mean % cover of 4cacia mearnsii (WATTLE), mean % cover of other invasive taxa (OTHER), % suitable
for future invasion (RISK), and % currently transformed (TRANSF). The numbers relate to vegetation types (see
Table 2 for coding). A separate analysis was done for each province group.
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The maps of potentially invaded areas are based on the actual distribution of the invasive
species, which cannot be considered at equilibrium. It is likely that, with time, more areas will become
suitable for invasion if the spread is not controlled. Moreover, due to limitations of the data, the
predictions should be used with care. Areas identified by the model as unsuitable for future invasion
could be interpreted in at least three ways: 1) area really not suitable, 2) area not classified as suitable
because of omission of the species distribution, 3) area currently identified not suitable because the
species has not vet spread in all environments.

These models rely largely on indirect factors (like climate, topography) that influence the
growth of species and few direct factors like growth days (Table 1). These factors are generally good
predictors of species and vegetation distribution at a broad scale (Woodward, 1987). Because of the
scale of the study, I was not able to quantify disturbance and other human-induced factors that greatly
affect the distribution and the spread of invasive species at finer spatial scales (Hobbs and Huenneke,
1992). At a local scale, the spread of Pinus spp. has been found to be influenced by factors such as fire
regime, agriculture practices, and as soil pH (Rouget et al., 2001). The consideration of disturbance
and fine-scale land-use is therefore required to gain a better understanding of the dynamics and the

spatial patterns of biological invasions.
Limitations of the dataset

This study was constrained by the quality of the data for the distribution of invasive taxa. As expert
knowledge was incomplete and unreliable in some areas, the extent of invasion appears overestimated
where invaded trees occur at low percentage cover, and underestimated in other areas. The
methodology used for mapping invasive stands also differed between provinces. I believe however
that this is a rather common problem for large ecological data sets, and that new approaches should be
developed to counter such problem. Because of these factors, I excluded from the analysis all areas
invaded at low percentage cover (< 5%) and subdivided the analysis according to province (Table 3).
The distribution of commercial forestry plantations was generally insignificant to explain the
current invasion pattern of Pinus spp. and Acacia mearnsii (Table 4). An earlier study (Nel et al.,
1999) conducted at a finer scale found a significant spatial correlation between the distribution of
dense stands of invasive species and plantation forestry. At the scale of this study, it would be very
difficult to demonstrate a significant relationship between commercial forestry and invasions. The real
impact of forestry plantations has probably been underestimated for several reasons. Firstly, the
current extent of plantations (used in this study) does not include many plantations (especially for 4.
mearnsii) that have been abandoned or cleared (seeds from such stands would have initiated invasions
before they were cleared). Secondly, plantations have been in place in some areas for much longer

than others — plantations in the Western Cape are hundreds of years old, while those in other parts of
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the country have only been there for several decades or less. The areas around older plantations would
therefore have had much more time to become invaded. Thirdly, the dispersal characteristics of the
different species lead to completely different patterns of invasion. For example, Pinus spp. have wind-
dispersed seeds and will establish in a random pattern, sometimes with isolated invasion foci
appearing kilometres away from the source (Higgins and Richardson, 1999). Acacia mearnsii, on the
other hand, has water-dispersed seeds and spread primarily down water courses, displaying linear
invasion patterns that will radiate downstream from the invasion source (Richardson et al., 1992). In
such cases, “distance to plantations” will be a poor predictor of invasion success. Finally, many of ths
species used in plantations have been widely planted outside of plantations, often in isolated situations
with one or a few individuals, and these isolated plantings will add to the seed source for invasion, but
I was not able to consider them, as they were not mapped at the scale of this study.

Many factors influence the current (and future) distribution of invasive species. While this
study might have underestimated the effect of plantation forestry, the influence of environmental
factors was clearly identified. Considering the rate of alien spread and its negative impacts, one
cannot wait for “error-free” ecological data sets. I thus believe that, despite the limitations posed by
the dataset, the results generated in this study suggest guidelines for setting objective policies for
dealing with invasions from commercial plantations at a national scale.

Implications for a national policy on managing invasive species

Plantations of alien trees cover 1.52 million ha in South Africa (FOA, 1998), and have brought many
benefits. Plantation forestry contributes US$300 million, or 2%, to the GDP and employs over 100,00
people in South Africa. Downstream industries, based on forestry, realize products worth a further
US$1.6 billion, much of which is exported, earning valuable foreign exchange (FOA, 1998).
Commercial forestry based on alien trees is a well-established feature of the South African landscape
and economy, but the invasions that are associated with it will need to be managed to minimize

conflicts around scarce resources, especially water (Le Maitre et al., in press).

One way in which the South African government plans to deal with invasive species with commercial
value is to allow landowners to grow the trees for profit, provided that they apply for a permit to
demarcate the areas where such trees will be allowed to grow. The landowners will then also have to
accept responsibility for preventing the spread of the species outside of the demarcated area, through
taking “reasonable steps” to prevent spread. The actual implementation of this policy will be subject 20
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Map invaded areas

'

Divide areas by species

!

Divide areas by province

v
Divide areas by land system: e.g. vegetation types

'

Combine with environmental factors such as:
* % of area currently invaded

« future risk of invasion

* % of area currently transformed

Little invaded Little invaded Little invaded Highly invaded Highly invaded

Low risk Low risk High risk High risk High risk

Untransformed Transformed Untransformed Untransformed Transformed
Priority action

>

Figure 8. Protocol suggested for implementing environmental policy on alien plant management. The different
factors considered are indicated; these factors enable the identification of demarcated areas (i.e. areas where
alien plants can be grown) and areas for priority actions.

practical problems, and the definition of “reasonable steps” will no doubt be tested, probably in a court
of law, at some stage. This study has shown that distance to the nearest plantations is not the only
factor to consider when implementing policy for invasive aliens that have commercial value. A more
proactive and integrated approach is needed for assessing the risk of habitats being invaded. I provide
the basis for an approach that will go some way towards facilitating that implementation.

The proposed approach is outlined in Figure 8. The first step would be to map invaded areas within a
management unit, for example a province or part of a province. The factors that characterise the
landscape will be mapped and the areas at risk from invasion will be derived for each species within
subdivisions of the management unit, for example vegetation types or cadastral units. I suggest that at
least three major categories within each land class will be evident — uninvaded areas at low risk,
uninvaded areas at high risk, and invaded areas at high risk. These categories can be identified using

biplots (Fig. 6 and 7). Decisions on whether or not to allow the demarcation of areas, and on what
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categories within each land class will be evident — uninvaded areas at low risk, uninvaded areas at high
risk, and invaded areas at high risk. These categories can be identified using biplots (Fig. 6 and 7).
Decisions on whether or not to allow the demarcation of areas, and on what conditions to attach to
demarcation permits, could differ within each of these subdivisions. In uninvaded areas at low risk,
permits for demarcation could be readily granted, as invasion would not be predicted from current patterns
and understanding. It would nonetheless be prudent to monitor the population dynamics of the species
concerned, and if invasion is detected then the requirements under the permit for landowners to take
“reasonable steps” to prevent spread could be invoked. Uninvaded areas at high risk of invasion may
include priority areas for conservation, or they could be important watersheds. In such areas, planting
permits should stipulate the need for intensive management to prevent invasions. Ininvaded areas at high
risk of invasion, the focus of management should be on integrated control. Such areas would typically
include many areas already heavily planted to forestry, where the refusal of permits would not be
expedient due to the existing investments in such plantations and the regional economic dependence on
them. For example, in the case of Pinus spp., Grassy Fynbos has all the characteristics of a vilnerable
system: it is already invaded to a large extent by Pinus spp. (and also by A. mearnsii), 100% is considered
suitable for future invasion (Fig. 6b), and forestry plantations are already present.

This approach also suggests including the extent of current habitat transformation (the degree to which
urbanisation and agriculture threaten natural habitats) as an additional criterion for decision-making for
setting priorities for invasive alien plant management and land demarcation. Information on vulnerability
(the likelihood of one habitat being lost by some transformation agent) has been increasingly used over the
recent years to prioritise and implement conservation actions (see Cowling et al. 1999; Rouget et al.
submitted a). | recommend to focus management of invasive species on habitats of high conservation
value and already transformed by some other factors because they are most likely to be lost in the near
feature. This is clearly the situation for West Coast Renosterveld where 90% of its original extent has been
transformed (mainly by agriculture), and where the remaining vegetation is invaded by Pinus spp. and

Acacia mearnsii (Fig. 7a).
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Chapter 6

Measuring conservation value at fine and broad scale:

implications for diverse and fragmented regions

Abstract

This chapter explores the implications of spatial scale for conservation planning in the Agulhas Plain,
South Africa. Regional planning relies on broad-scale data but fine-scale data are usually required for
implementation at local level. This study addresses the implications of broad-scale planning for fine-
scale implementation. Two systems of notional reserves were developed for this region using C-Plan,
a decision support system for systematic conservation planning. The first conservation plan was
derived using broad scale data (1:250 000) and consisted of nine Broad habitat units (land classes
based on topography, geology, and climate), remate sensing mapping of habitat transformation and
1/16™ degree square as planning units (average size 3 900 ha). The second system was identified at a
finer scale (1:10 000) using 36 vegetation types (mapped in the field), ground survey mapping of
habitat transformation and cadastral boundaries as planning units (average size 252 ha). All analyses
were done using a Geographic Information System. Using classification trees and correlation biplots, 1
compared reserve-design efficiency (the area required to achieve conservation targets), the spatial
patterns of conservation value (the relative contribution of one area to conservation targets),
biodiversity, and habitat transformation at both scales.

Similar amount of land was required to fulfil all conservation targets (identified using
minimum sets) using broad and fine scale data sets. There was considerable overlap between both
conservation plans as most of fine-scale conservation targets could be achieved under the broad-scale
scenario. Large planning units were less efficient (i.e. more land required) in achieving conservation
targets than cadastral units. However, irreplaceability values, which measure the contribution of
planning units for achieving representation targets, were much higher at the fine-scale. The use of
broad-scale biodiversity features underestimated conservation value in heterogeneous and fragmented
portions of the landscape. The implications of moving from broad-scale to fine-scale conservation
planning, as well as their respective benefits are discussed. Maximising biodiversity conservation
while minimising cost and resources might be achieved by a combination of broad-scale assessments
for relatively homogeneous and untransformed areas and fine-scale ones for heterogeneous and

fragmented areas.
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Introduction

In past decades, biodiversity was perceived largely in terms of species richness, and conservation
attention was often directed at hotspots rich in total species or rare species (Noss, 1987). More
recently, there has been a shift in conservation planning, and protection strategies are increasingly
based on broad-scale approaches, conserving biodiversity at the ecosystem level across whole regions
(Franklin, 1993; Mittermeier et al., 1998; Soulé and Terborgh, 1999; Schwartz, 1999; Poiani et al.,
2000). This emphasis on broad-scale conservation is highlighted by recent ecosystem-based
management policies by federal agencies in the USA (Christensen et al.,, 1996; Soulé and Terborgh,
1999). An important aspect of this approach is the use of a “coarse-filter” of targeted features (Noss,
1987) such as communities, habitats, ecosystems or landscapes to serve as surrogates for the
distribution of biodiversity.

Although coarse-filter conservation has several conceptual advantages, such as the
preservation of ecosystem linkages and processes, its implementation is not straightforward. There is
no a priori basis for prioritising ecosystem attributes, and various methods have been suggested
(Heywood, 1995). No accepted classification for communities or ecosystems exists and questions
remain about appropriate levels of the classification hierarchy for recognition, inventory and
protection of natural communities (Ferrier, in press).

The emergence of remote-sensing systems and Geographic Information System procedures for
identifying and measuring habitat structure or landscape types provides important opportunities for
conservation planning, more particularly for coarse-filter conservation (Davis, 1995; Burke, 2000).
The spatial scale at which conservation decisions are taken is, however, a crucial issue. The scale of
data collection, habitat classification, or selection units (used for the design of conservation areas) can
greatly affect the outcomes of conservation planning (Pressey and Logan, 1998; Fuller et al., 1998).
Information collected at one scale might be completely inappropriate to answer management questions
at another scale (Chapter 7). The spatial scale used in the habitat classification (i.e. the units of
conservation) will depend on the level of detail desired, but the choice of scale is generally determined
and constrained by the availability of data and resources (mainly time and finance). So, although fine-
scale data on biodiversity surrogates such as vegetation types is desirable, maps of coarsefilter
surrogates for large regions are generally produced at a broad scale (coarse resolution).

The constraints on fine-scale mapping across large regions introduce a problem for
conservation planning. Regional assessments of conservation priority are important to place individual
areas in the context of natural processes and interactions. Consistent data on coarse-filter surrogates
across whole regions are usually available only at broad scales (e.g. 1:1 000 000 or 1:250,000). But
conservation plans produced at these scales must be implemented at finer scales, often below the
resolution of the regional data sets. In some parts of regions, there will be localised, fine-scale data

sets available for implementation. In these situations, planners and managers will have to consider
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whether the assessment of conservation values derived in the regional plan with broad-scale data
matches the assessment of values that would emerge from analysis of the fine-scale data. They migat
also have to consider replacing the values from the big picture with more localised ones based on the
fine-scale surrogates. This transition from broad-scale planning to fine-scale implementation has
received little attention.

The Cape Action Plan for the Environment (CAPE), a systematic conservation and
implementation process for South Africa’s Cape Floristic Region (CFR) (see Cowling and Pressey, in
press; Younge and Fowkes, in press) provided a rare opportunity for assessing the effects of spatial
scale on systematic conservation planning. Cowling and Heijnis (2001) mapped broad habitat units at
1:250,000 to support a conservation plan for the whole CFR. In a region in the south of the CFR, finer-
scale mapping of vegetation types at 1:10,000 and a development of a conservation plan for achiev ng
targets for these types were completed to provide insights for implementing conservation action onthe
ground (Cole et al., 2000). In this paper, I apply the same planning protocol to both data sets and
compare the patterns of conservation values that emerge. Several measures have been suggested to
quantify the conservation value of an area and to assess the efficiency of reserve systems.
Conservation value of any area, and therefore its prioritisation, can be quantified by its relative
contribution to the conservation target (Ferrier et al., 2000).

Specifically, this study has three aims: (i) to compare the efficiency of broad-scale
conservation planning in achieving conservation targets derived at a fine-scale; (ii) to compare
differences in patterns of conservation values at broad and fine scales; and (iii) to assess how the
spatial scale of primary data layers (broad habitat units, vegetation types, and transformation of native

vegetation) affect the outcomes of conservation planning.

Methods
Study area

The Agulhas Plain (2 160 km?) is part of the Cape Floristic Region (CFR), one of the global hotspots
of plant diversity and endemism (Myers et al, 2000). The Agulhas Plain is a low coastal peneplain
with a complex mosaic of edaphic types and has a typical mediterranean-type climate (mean annua_
rainfall of 500 mm). It is home to at least 1751 vascular plant species and most local endemic spec:es
(ca. 100) are edaphic specialists, occurring in small and scattered populations (Cowling and Holmes,
1992). The predominant vegetation types on the Agulhas Plain are fynbos (on nutrient-poor soils) and
renosterveld (on more fertile soils), both sclerophyllous, fire-prone shrublands (Cowling, 1992). Tte
area is extensively impacted and fragmented by agricultural practices, and some 40% of the criginal

natural vegetation has already been thus transformed (Cole et al., 2000). Recently, the South National
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Parks Board initiated the establishment of a national park to conserve the lowland fynbos and wetland
ecosystems of the southern Agulhas Plain (Heydenrych et al., 1999). The park configuration largely
follows the reserve system identified by Lombard et al. (1997).

The data

I used the protocol and the data developed in the CAPE and Agulhas Plan projects as baseline data
(see Cowling et al., 1999b; Cole et al., 2000; Cowling et al., in press). Two systems of notional
reserves were designed for the study area: one at a broad scale (1:250 000) derived from the CAPE
project (Cowling et al., 1999b), and the other at a finer scale (1:10 000) derived from the Agulhas
project (Cole et al., 2000). Both systems were developed using the same procedure. All the data were
digitised in a Geographic Information System where the analysis was completed. The two notional
systems were derived from the data sets presented in Table 1. The characteristics of each data set are
summarised here. Broad-scale data (used for the CAPE project, see CAPE data set in Table 1) and
fine-scale data (used for the Agulhas project, see Agulhas data set in Table 1) are presented for each
category (biodiversity, habitat transformation, and planning units). Data and methods are described in
more details by Cole et al. (2000) for the fine-scale study and by Cowling et al. (1999b) for the broad-

scale study.

Biodiversity surrogates

A system of land classes was developed to act as broad-scale biodiversity surrogates for the CFR.
Although floristic and botanical knowledge is substantial for the Cape Floristic Region, no system of
land classes at a sufficiently fine scale was available for the entire area that could be used for regional

conservation planning (Cowling and Heijnis, 2001). In the CFR, plant biodiversity is largely driven by

Table 1. Framework for analysing the effect of spatial scale on conservation planning. For each factor
(biodiversity, habitat transformation mapping, and planning units) I used data from fine and broadscale mapping
while holding the two other factors as fixed (based on the Agulhas data set). Results from data sets 1,2, and 3
were compared with results from the Agulhas data set. Changes in the factor analysed are shown in bold.

Data sets Factor Biodiversity Habitat Planning units
analysed features transformation
mapping
Original
Agulhas vegetation types (36)  ground survey cadastral units
CAPE BHUs (9) remote sensing 1/16" degree square
Derived
Data setno 1 Biodiversity BHUs ground survey cadastral units
Data set no 2 Habitat vegetation types remote sensing cadastral units
transformation
Data setno 3 Planning units vegetation types ground survey 1/16" degree square
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climate, geology and topography (Cowling. 1992, theretore land classes were 1dentified on the basis
of these three tactors as well as expert knowledpe. Broad habitat units (BHUs) were derived an the
basis of unigue combinations of geology. climate and topography. One hundred and two BHUS were
derived for the CFR planning domatn, of which mne oceur on the Agulhas Plan (Fig. 1)

Fine-scale biodiversity surrogates were developed by mapping vegetation types in the field for
the entire Agulhas Plain (2 160 km®), Vegetation units identified by Cowling et al (1988) were used as
the basis for vegelation groups for the study areg. These vegetation units were further divided during
(ield mappmg by an expert botanist, Vegetation types were defmed on the basis of donmnant and
differential plant species, Thirty-six vegetation types were mapped and these were used as biodiversity

features [or fme-scale (110 0007 conservation planning (Fig 1)
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Habilal transfonmation pattern

Assessing the spatial extent and configuration of transformed areas (i.¢. agriculture, urbanisation, and
invasive alicn plants) is erucial for conservalion planning, The spatial dimensions of habitat
tranzformation identifies the area available for planning (i.e. area still considered as “natural™} and
play a role in setting conservation targets [or bindiversity [eatures (Pressey et al,, in press; see below).
Current (1996) patterns of habitat transformation were assessed at broad scale for the entire CER by
means of satellite imagery (Chapter 4). A TLandsat image was classified using supervised
classification, Beeause of the scale of the CAPE project, the minimum mapping unit was 25 ha{ie no
patel of natural vegetatton was distinguished below 23 ha). Fine-scale mapping of transtormed and
untransformed areas was derived based on acrial photographs (1; 10 0003 and complemented by
extensive, expert-based ground survey for the Agulhas Plain (Cole et al,, 2004). OGwing to habitat
fragmentation, most of the remaimng vegetation occurs on small {ragments. In both the broad and
tfinc-scale studics, arcas covered in dense stands ol invasive species (wallles, pines, and eucalyptus)

were nol considered [or achieving conservation targets.

Planning utiits

Planning units {also called selection units) consist of ¢ privef subdivisions of the landscape and are
used For developing a system of reserves {Pressay and Logan, 1998). They are usually different in size
and configurateon fram the biodiversily features to protect, Reserve selection algorithms, such as Lhose
embedded in C-Plan, assess the importance of each planning unit for achieving pre-defined
conservation targets (see below). In many conscrvation planning swdics, planning units wsually
comprised arbitrary subdivisions of prid cells (such as guarter degree squares) but cadastral
boundarics, and property boundarics were also uscd (Pressey and Logan, 1998), The size and
confipuration of planning wnits can importantly influence the outcome of reserve selection alzorithms
{Pressey and Logan, 1998).

In arder to derive g systematic conservation planting for the CHR, planning units were based
oh sixleen-depree squares (SDS, approximately 3500 ha). For a better reprezentation of cxisting
protected areas, the exact configuration of protected areas was used as planning units. Thus. in this
case, broad-scale planning units consisted of sixteen-degree squares wrapped around boundaries of
protected areas. Because the fine-scale (Agulhas Plain) study was aimed at identifying implementation
opportunities and constraints associated with land tenwre and incentives (Penee ot al,, in press),
cadastral units, which are largely coincident with farm boundaries under single ownership, were used

for fine-scale conservation planning in the Agulhas Plain (Table 1),

113



Chapter 6

Data sets were compiled which recorded the occurrence of unique biodiversity features (area of BHUs
or vegetation types) per planning unit (sixteenth degree square or cadastral unit). Only the area
currently untransformed (i.e. available for planning) was recorded. Reserve selection algorithms, such
as those embedded in C-Plan, select sets of planning units to represent pre-defined conservation

targets for each biodiversity feature (expressed as percentage area targets).

Spatial analysis of conservation value and priority

Conservation targets interpret the broad, qualitative conservation goal for a planning domain. In both
the broad- and fine-scale studies, this goal was to identify and implement a system of conservation
areas that would ensure adequate representation of the region’s biodiversity (Cole et al, 2000; Cowling
et al., 1999). Targets were set for each biodiversity features (9 BHUs in the broad-scale study and 36
vegetation types in fine-scale study). They were expressed as a percentage of the extant area (i.e.
currently untransformed) of each biodiversity feature. Targets for each feature should not be equal but
should vary according to the need for conservation (Pressey and Taffs, 2001). For both systems (broad
and fine scale), conservation targets were allocated with the formula:

TARGET =B +R
where B is a baseline target, which accommodates differential patterns of plant species turnover and R
is a retention target included to retain a proportion of the extant habitat in relation to future
biodiversity threats and extent of current habitat transformation. In the fine-scale Agulhas data set,
baseline targets were 10% of original area for vlei and forest vegetation types, 15% for lowlands
vegetation types and 25% for montane vegetation types. In the broad-scale CAPE data sets, baseline
targets were 10% of original area for lowland BHUs, and 15% for upland BHUs. Retention targets
were allocated as follows:

R=Hx(1+[t-e]/e)
where H is a threat weighting component,  the original area of the biodiversity feature, e the extant
area (i.e. currently untransformed). Spatially-explicit predictions of future urbanisation, agriculture
and invasive alien plants were derived (see Chapter 4; Cole et al., 2000) to assess the potential of
future habitat transformation for each biodiversity feature. If the highest potential was high, then H
was 30% of extant habitat, if the highest potential was medium, then H was 15%, and if the highest
potential was low, then H was 0% of the extant habitat (see Pressey et al., in press for a complete
description on how the targets were set). Biodiversity features likely to be transformed in future thus
received higher conservation targets. Final conservation targets ranges from 11.7% to 100% of the
extant area (i.e. untransformed area) of vegetation types, and from 55 to 100% of the extant area of

BHUs. Pressey et al. (in press) provide additional discussion on the rationale for target setting.
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Reserve selection algorithrﬁs select a set of areas (based on planning units) to achieve nominated
conservation targets. Such selection of planning unit has been termed “minimum set” and many
conservation planning exercises have used minimum sets inthe past (e.g. Kirkpatrick, 1983;
Possingham et al., 2000). However, a minimum set tells us very little about the contribution of
unselected areas and the relative contribution of each planning unit to the conservation targets. There
may be many alternative minimum sets for achieving the same target (Pressey et al., 1997). To counter
the limitations of minimum sets, a measure has been developed which reflects the relative importance
of any area in contributing to the conservation target. This measure has been termed “irreplaceability”
(Pressey et al., 1994). Irreplaceability values range from 0 (not needed) to 1 (irreplaceable, necessary
to achieve conservation goal). Previous studies have shown that the choice of planning units as well as
the biodiversity features influence minimum sets and irreplaceability measures (Pressey and Logan,
1998; Pressey et al., 1999).

I used C-Plan for deriving minimum sets and irreplaceability values across the Agulhas Plain using
two data sets, namely the CAPE and the Agulhas projects (described above, see Table 1). Differences
in minimum set identified and irreplaceability patterns between fine and broad scale conservation
planning could thus emerge from three factors:

- the use of different biodiversity features (BHUs vs. vegetation types),

- the use of different methods for mapping habitat transformation (remote sensing vs. ground
surveys), and

- the use of different planning units (sixteenth degree squares vs. cadastral units).
These differences could translate into inadequate implementation priorities when moving from the
broad- to fine-scales. For example, broad-scale assessment could fail to select high-priority areas that
would only be identified using fine-scale data. In this paper, I explore situations where differences in
minimum sets and irreplaceability values would arise. As differences could emerge form three factors
(see above) and in order to assess the relative importance of each factor, I analysed each factor
separately (Table 1) while holding the other constant. I therefore compiled three other data sets that
combine fine-scale data from the Agulhas project and one broad-scale component derived from the
CAPE project (see “derived” data sets in Table 1). Data set 1 consisted of fine-scale pattern of habitat
transformation (derived from ground-survey), fine-scale planning units (cadastral units) but used
broad-scale biodiversity data (9 BHUs). Data 2 consisted of fine-scale biodiversity features (36
vegetation types) and planning units, but used broad-scale pattern of habitat transformation (derived
from remote-sensing). Finally, data set 3 consisted of fine-scale biodiversity and habitat
transformation pattern but used broad-scale planning units (sixteenth degree squares) (Table 1).
Minimum sets and irreplaceability values obtained from these three derived data sets were compared

with the original fine-scale data, the Agulhas data set (Table 1).
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The analysis was subdivided into two sections: 1) the extent to which conservation planning
using broad-scale components (biodiversity, transformation mapping, and planning units) achieve
fine-scale conservation targets (identified for the 36 vegetation types); and 2) the factors driving

patterns of irreplaceability at fine and broad scale.

Minimum sets
For each data set (see Table 1), minimum sets were generated to achieve all conservation targets,
Minimum sets are likely to differ because either planning units or conservation targets or both differ
for each data set. Conservation targets vary between data sets (Agulhas, CAPE, 1, and 2) as these data
sets are based on different biodiversity features and/or mapping of habitat transformation. Planning
units differ between data sets (Agulhas, CAPE and 3). Five minimum sets were generated. I then
computed the percentage of the untransformed area of each vegetation type that was selected in each
resulting minimum set and quantify the extent to which this minimum set contribute to conservation
targets defined for thé Agulhas Plain at the fine-scale level (Agulhas data set in Table 1). For each
minimum set, I calculated the number of vegetation types for which conservation targets (as calculated
in the original Agulhas data set) were achieved. An index of reserve design efficiency was compiled as
follows:

EFFICIENCY = CONTRIB | MIN SET
where CONTRIB is the total area of selected untransformed vegetation contributing to conservation
targets as defined in the Agulhas data set, and MIN SET is the total area selected for each minimum

set.

Irreplaceability pattern
Irreplaceability pattern was generated by C-Plan for each data set (see Table 1) and compared to
irreplaceability values found using fine-scale data (Agulhas data set). I used classification trees in S-
Plus (Chambers and Hastie, 1992) to identify which variables influence irreplaceability pattern.
Classification trees are very suitable for such analysis because they can incorporate both categorical
and continuous factors, and because of their ability to detect interactions and non-additive behaviour
among variables (Breinam et al, 1984; Hastie et al., 2001). These non-parametric methods are also
distribution-free. Previous studies have shown that classification trees generate more accurate results
for analysing determinants of distribution than traditional regression techniques (De’ath and Fabricius,
2000; Rouget et al., 2001).

This study focussed more on understanding the data structure then predicting the outcomes
with high accuracy; therefore classification trees were kept simple and with relatively few terminal

nodes (less than 8). Trees were pruned after 6 nodes in each case.
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Effect of scale of biodiversity mapping on irreplaceability pattern

Two maps of irreplaceability were derived using the Agulhas data sets and data set no 1 (Table 1).
Biodiversity features consisted of BHUs (data set no 1) and vegetation types in the Agulhas data set
(Table 1). Habitat transformation mapping and planning units did not vary between data sets. They
were those derived in the finer-scale Agulhas project (Agulhas data set, Table 1). I then analysed
differences in irreplaceability values at the cadastral level using classification trees in S-Plus
(Chambers and Hastie, 1992). All planning units less than 25 ha were ignored to account for the
mapping accuracy of the broad-scale data (mapped at 1:250 000). Irreplaceability values were grouped
in 5 categories: <0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and > 0.8.

The data set consisted of 670 cadastral units. The dependent variable, the difference in

conservation value (irreplaceability), was categorised as follows:
- 0 (match between two scales, i.e. same irreplaceability category in both data sets)
- +1 (over-estimate of conservation value from the data set no 1 using broad-scale biodiversity
features)
- -1 (underestimate of conservation value from the data set no 1 using broad-scale biodiversity
features).

The following factors were considered as potential predictors of differences in irreplaceability:
the total area of the cadastral unit, the area of untransformed vegetation within a cadastral unit, the
presence/absence of all BHUs and vegetation types occurring in the cadastral unit, and the number of
vegetation types present in the cadastral unit. Because the planning units (cadastral units here) are not
homogenous in size, such unweighted analysis would give similar importance to differences in
irreplaceability value for small or large cadastral units. Preliminary weighted analysis (weight
proportional to area of cadastral unit) generated regression trees with similar significant factors as

unweighted analysis; therefore unweighted analysis was performed throughout the study.

Effect of the scale of habitat transformation mapping on irreplaceability pattern

I compared irreplaceability pattern obtained from the Agulhas data set and the data set no 2 (Table 1).
The calculation of targets for biodiversity features and the area available for conservation planning
were derived from two estimates of habitat transformation (remote sensing and ground surveys).
Biodiversity features and planning units were as for the Agulhas project; i.e. vegetation types and
cadastral units, respectively (Table 1). Two maps of irreplaceability were produced and I analysed
difference in irreplaceability values at the cadastral level using a classification tree as above. The data
set consisted of 670 cadastral units and the same dependent and independent variables were used as

above,
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Effect of the size of planning units on irreplaceability pattern

I compared irreplaceability pattern generated from the Agulhas data set and the data set no 3 (Table 1).
These data sets were derived using cadastral units (Agulhas data set ) and sixteenth degree squares
(data set no 3) as planning units. Biodiversity features and threat mapping were as for the Agulhas
project (Table 1). Irreplaceability values were generated for each data set. Because these two data sets
are based on different planning units, they did not share any spatial directly comparable entities. Both
layers of planning units (cadastral units for data set Agulhas, sixteenth degree squares for data set no
3) were intersected to obtain comparable units. This resulted in 961 new polygons for which the
irreplaceability values derived from the Agulhas data set and the data set no 3 were retained.
Therefore, each of the new 961 polygons had irreplaceability values from the cadastral unit and from
the sixteenth degree square to which they belong. Each new polygon also retained the original
attributes (such as vegetation types present) of the cadastral unit and sixteenth degree square they
originated from. Differences in conservation value for all polygons (n=961) could then be related to
differences in biodiversity representation within the original cadastral unit and sixteenth degree

square. The analysis was done using classification tree as described above.

Analysis of spatial patterns of biodiversity and habitat transformation at fine and broad-scale

Irreplaceability pattern is likely to be driven by few highly irreplaceable biodiversity features for
which all extant fragments are required to achieve conservation target. I used correlation biplots
(Gower and Hand, 1996) to identify the characteristics of the broad-scale biodiversity features (9
BHUs) and the fine-scale ones (36 vegetation types). Biplots illustrate the relationships between
biodiversity features (BHUs and vegetation types) and the factors likely to influence irreplaceability
value or conservation targets. For each biodiversity entity, the following factors were considered:
extent (expressed as % of total area), extant portion (expressed as % of original extent of vegetation),
conservation target (in % of extant area of the biodiversity entity considered), mapping accuracy of
untransformed vegetation (between broad-scale remote sensing and fine-scale ground survey
mapping), habitat diversity (number of vegetation types per BHU - used for BHUs only), and
nestedness (% of vegetation area nested within one BHU - used for vegetation types only).

Biplots are very useful techniques for visualising multivariate data (Gabriel, 1971; Underhill,
1990). They can be considered as the multivariate analogue of bivariate scatter diagrams. They show
a scatter of n points, representing the n samples, and superimpose information on the original
variables, represented by vectors starting from the origin. As the scatter of points is derived by
multidimensional scaling, some degree of approximation must be accepted to display the information
in two dimensions (Gower and Hand, 1996). In this study, I used correlation biplots, which display

best correlation between variables. Biplots were created with the software SVDD (Greenacre and
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Table 2. Contribution to fine-scale conservation targets in relation to different data sets. This represents the
extent to which conservation targets set for vegetation types were achieved using minimum set identified for the
following data sets. Data set are described in Table 1. Area required: total area (in ha) necessary to achieve
conservation targets; No of veg. types conserved: number of vegetation types for which conservation targets
have been achieved; Targeted area: Total area of untransformed vegetation contributing to finescale
conservation targets (as defined in the Agulhas data set); Efficiency: ratio of targeted area and total
untransformed area selected in the minimum set (a ratio of 100% means that all conservation targets has been
achieved in the minimum amount of land).

Data sets Factor Area required No of veg types Targeted Efficiency
analysed {ha) conserved area (ha) (%)

Original

Agulhas 154 614 36 67137 gl.6

CAPE 158 718 27 64 748 71.2

Derived

Data setno | Biodiversity 167 089 26 63 814 67.1

Data set no 2 Habitat 161 220 31 65 981 73.9
transformation

Data setno 3 Planning units 179 124 36 67137 70.6

Underhill, 1981). The cosine between the vectors of two variables represents the coefficient of
correlation between these two variables. The scalar product between a sample point and a variable (Y)
gives information on the relation between the Y-value for the sample point and the mean of Y (Gower
and Hand 1996).

The spatial characteristics of biodiversity features (BHUs and vegetation types) and land cover
(agriculture and remaining natural vegetation) were also compared at both scales. Both biodiversity
layers were spatially intersected and I derived frequency distribution of each vegetation type in
relation to the nine BHUs. This was then used to assess the extent to which vegetation types were
nested within broader biodiversity units (BHUs). The spatial match of habitat transformation pattern
was also compared at both scales. Each layer of transformed/untransformed vegetation was converted
to a 25m grid and I derived confusion matrix (cross-tabulation of untransformed/transformed areas) to

assess the level of correspondence between the two scales.

Results

Efficiency of minimum sets at fine and broad-scale

The fine-scale conservation planning, identified by a minimum set algorithm based on the Agulhas
data set, achieved all conservation targets (36 vegetation types, 67 137 ha required) in 154 014 ha
(66% of the whole Agulhas Plain). This represents an efficiency of 81.6% (67 137 ha targeted in 82

293 ha of untransformed vegetation selected, Table 2). The broad-scale conservation planning, based

124



Chupler &

on the CAPE data set, achieved all conservation targets for the nine broad habitat units in 158 718 ha
(68% of the total area). Although, these two minimum sets {based on Agulhas and CAPE data sets)
were derived independently, there was relatively good spatial overlap between the two conservation
plans. The area selected based on sixteenth degree squarea planning units for broad-scale conservatian

targets also captured a substantial amount of the area required for achieving fine-scale conservation

Table ¥ Characteristics of fine-scale biodiversity features of the Agulhas Plaln. Target: the % of the extant of
each vegetation Type required; Nestedness: %2 of each vegetation type occurring in one BHU, Mapping
accuracy; accuracy between habitat transformation mapping at fine and broad scale, Failed target refers to the
conservation plan in which this target could not be achieved (C: CAPE data set (broadscale plan), B: data set 1
{hiodiversity features), T: data set no 2 {habitat transformation), see Table 2.

Vepetation type Area % extant Target Mestedness  Mapping  Failed
(ha} {%) aceuracy  target

1 Acid Viei (ACIDVLED 97.4 100.0 25.0 987 28.5

2 Afromontane Forest {AFROMO) 1078 85,7 439 L A 100.0 T

3 Berzelia Riparian (BERZE} 4360.4 65.4 63.2 4.0 04.2

4 Black Vlei (BLACKY} 146.3 81.0 30.1 342 928

5  Dry Restioid Fynbos (DREST) 2355.8 363 65.8 531 65,7 t

6 Dune Thicket (DUNETH) 9.7 u7.5 256 41.0 76.9

7 Dune Fynbos (DUNFYIN} 296448 799 367 B0.0 96.2

% Elite Fynbos (ELIFYN) 132700 393 BG.3 920 54.0 T

9 Elim Asteraceous Fynbos (ELIM) 232562 133 10:0.0 Bl.1 78.9 OB

10 Elim Riparian {ELIMR) 33409 41.7 834 Td.1 T0.4

11 Estuary (ESTUARY) 268.2 98.9 25.2 olL.9 974

12 Limestone Fynbos (LIME) 1036003 818 18.3 G1.9 6.6

13 Limestone dominated by 7273 0.2 16.6 547 27.1
Lewcospermum muirii (LIMMUIR)

|4 Limestone and Sand (LIMSAN) 159187 593 67.4 387 96.1 G

15 Limestone Outcrop Fyobos (LIMSTO) 20238 71.5 40.2 473 04.9

I6 Limestone Viel (LIMYLEI) 2.1 o0.8 43.7 101.0 §00.0 C,B

17 Milkwood Thicket {(MILEKWO) 991.7 82.6 47.3 487 91.0

13 Mountain Fynbos (MTNFYM) 522994 78l 49,7 sy 97.9

1% Mountain Top Fynbos (MTNTOM) 7919.0 948 26.3 723 99.9

20 wMuddy Viei (MUDDY} 1009.7 953 26.1 Y 949.3

21 Transitional Fynbos (NEUT} 4944 9 339 o040 43.6 838 C.TLB

22 Palmiet Riparian (PALMI} 3440 58.1 68.3 550 87.9

23 Puns (PAN) 45.0 LY 41.0 572 (o

24 Renoster Fynbos (RENFYN} 83767 144 g Taz2 23.0 C.B

25 Renoster Grassland (RENGRA) 52367 27.0 100.0 4 22 T.B

26 Kenosterveld (RENOST} 4298.7 214 Q0.0 39, 21.2 C.B

27 Restio Bog (RESBOG) 33.0 L OO 45.0 16G0.0 {000

28 Restioid Wetland {RESTIO)} 3462.8 5.8 53.7 4u.4 6.0 B

29 Ripariao Flood Plain (RIPFLO) 3945 3.7 735 N4 93.7

30 Rivers {RIVER) 2511 68.9 53.8 a4.3 658 &

31 Salt Pan (SALTPAN) 3545 §5.2 LT T2 97.8

32 Sand Dune (SANDUN) 2460.7 004 251 BE8 |

33 Sarcocornioc Wetland (SARCO) EL IR 572 38.8 G9.2 70.3 C

34 Short Reed (SHORTR) 19932 T0.0 60.4 3.7 53.8 B

35 Tall Reed (TALLR) 39075 68.6 al.2 418 65.1 B

36 Wet Restioid Fynbos (WREST} 83171 35.0 67.6 53.3 849
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targets. The CAPE minimum set achieved fine-scale targets for 27 vegetation tvpes with an efficiency
of 71.2% (Lable 23, The effects of varving biodiversity features, transtormation mapping and planning
units on minimum set efficiency are summarised in Table 2. The choice of biodiversity features scems
1o have the grearest effect on aclueving fine-scale targets. The area selected by a minimum set using
BHUs as modiversily [eawures would adequately protect 26 of the 36 vegetation types (i.¢. target met)
with the lowest efficiency (67 1%, able 2} A minimum set using remole-sensing mapping of habital
translormation (as opposed to ground survey) wall meet conservation targets for 31 vepclation types:
the missing one are Hsted in Table 3, A conservation plan based on larger planning unns (sixteenth
degree square) required more land than a conservation plan based on cadasiral planning units for the
same level of conservation target achievement (Table 2), Large planning units were less efficient than

smatler ones tor achieving the nominated conservation targgsts.
What drives patterns of irreplaceability at fine and broad-scale?
Although fine-scale conservation targets could be achieved to a certain extent by mirmmum s¢ls using

any broad-zcale component (hiodiversity features. transformation mappng, or planning units), the

spatial pattern of imeplaceability (the conservation value of each planming unit) differs considerably.

m Nt Faere
Site Irreplaceability

S Tutaly tmepdceabia )
R
TNE-03

e S S
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Figure 2: Spatial pattern of conservation valug (irmeplaceability) from broad-seals (15 250 000 scale, on top) and
fing-scale (1: 10 000, bottom) comservition planmng, Troad-scale data econsisted of ime broad habitat units
(BHUs). habatat transformation mapped by remote-sensing and planmimg units comprising 1016 degree squares.
Fne-scate data consisted o 36 vegetation types. habitat ransfommanion mapped by ground survey, and cadastral
boundaiies as planning umts.
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Table 4: Differences in conservation value (irreplaceability) in relation to the spatial scale of biodiversity
features, habitat transformation mapping and size of planning units. Irreplaceability values obtained from
Agulhas data (fine-scale) were compared to broad-scale data for the factor of concern (see Table 1). Values are
shown in % of iotal area.

Comparison Data sets Similar Broad-scale Broad-scale
values overestimation underestimation
Overall CAPE vs. Agulhas 18.3 27.7 54.0
Biodiversity 1 vs. Agulhas 36.3 2.9 60.8
Habitat transformation 2 vs. Agulhas 79.1 12.2 5.8
Planning units 3 vs. Agulhas 56.1 33.6 10.3

Fig. 2 shows the differences in irreplaceability patterns across the Agulhas Plain obtained from the
CAPE data set (1:250 000 scale) and from the Agulhas data set (1:10 000 scale). Almost 50% of the
total area was considered as irreplaceable (i.e. absolutely necessary to achieve conservation targets)
using fine-scale data (Agulhas data set, Table 1) compared to 11% when using broad-scale data
(CAPE data set, Table 1). Only 18.3% of the area had similar irreplaceability value between broad-
scale (regional) and fine-scale (local) conservation planning (overall comparison, Table 4). The
conservation value of 54% of the area was regionally underestimated, while 27.7% was overestimated
compared to conservation values found at fine-scale conservation planning (overall compafison, Table
4).

A classification tree was used to understand which factors explained the differences between
irreplaceability values at fine scale (Agulhas data set) and broad-scale (CAPE data set). Almost 80%
of these differences could be explained by the presence of one vegetation type, the number of
vegetation types per planning unit and the area of four BHUs per planning units (Fig. 3). Differences
in irreplaceability values were largely influenced by the presence of the vegetation type Elim
Asteraceous Fynbos (first factor in the classification tree model, Fig. 3). Irreplaceability value derived
from fine scale data was higher in areas where this vegetation type occurs. Elim Asteraceous Fynbos
had a fine-scale conservation target of 100% of its extant habitat; therefore, every planning unit where
it occurs was required for the fine-scale conservation plan. At broad-scale, this vegetation type was
predominantly mapped as BHU Elim Fynbos/Renosterveld Mosaic, which has a lower conservation
target. Irreplaceability value derived from fine scale data was also higher in planning units where more
than four vegetation types occur. There was a significant positive relationship between irreplaceability
value and number of vegetation types per cadastral unit (R* = 0.31, p < 0.001). Heterogeneous
planning units (i.e. with high number of vegetation types) tend to contain highly transformed
vegetation types (with high conservation targets) and therefore have higher irreplaceability values than
homogeneous planning units. Irreplaceability values derived from broad-scale data were higher in
areas where the BHUs Elim Fynbos/Renosterveld Mosaic, Springfield Sand Plain Fynbos, and
Agulhas Fynbos/Thicket Mosaic (medium to high priority BHUs based on targets) occur over
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Figure 3. Differences in conservation value between broad-scale and fine-scale conservation plans. The
classification tree was generated in S-Plus. The model is based on 961 planning units (see methods). Areas of the
vegetation type Elim asteraceous Fynbos (ELIM), and the BHUs Elim Fynbos Renosterveld Mosaic (ElimFR),
Overberg Coast Renosterveld (OverbCR), Springfield Sand Plain Fynbos (SprgSPF), and Agulhas Fynbos
Thicket Mosaic (AgulFT) are indicated in ha. VEGNO: number of vegetation types present in broadscale
planning units. The condition on top of the branch applies for the left side of the branch. Outcomes are predicted
as follows: 0 (match between two scales, i.e. same irreplaceability category in both data sets), +1 (overestimate
of conservation value from the broad-scale data), -1 (underestimate of conservation value from the broadscale
data).

relatively large areas (Fig. 3). At fine-scale (i.e. using Agulhas data set), planning units where these
three BHUs predominate scored lower irreplaceability values partly because, in these planning units,
“pockets” of low priority vegetation types occur among the large areas of medium to high priority
BHUs.

Below I present in more details how changes in scale for biodiversity features, threat mapping and

planning units affect pattern of conservation value.

BHUs s vs. vegetation types
There were significant differences in conservation value between conservation plans using fine-scale
and broad-scale biodiversity features (biodiversity comparison, Table 4). Although similar
conservation values were found in 36.3% of the Agulhas Plain, the use of BHUs (broad-scale
biodiversity features) underestimated conservation value in 60.8% of the area. In less than 3% of the
area, the use of vegetation types (fine-scale biodiversity features) underestimated conservation value.
A classification tree using five variables could accurately explain 85% of the differences in
conservation value between the two data sets (Fig. 4). The presence of three vegetation types, the

remaining untransformed area and the number of vegetation types present in each cadastral unit were
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Figure 4. Differences in conservation value between conservation plans using broadscale and fine-scale
biodiversity features. The model is based on 670 cadastral units. The presence of the vegetation types Elim
Asteraceous Fynbos (ELIM) Renoster Fynbos (RENFYN), and Renosterveld (RENOST) within the planning
units is indicated. AREAHA.: area of the planning unit (in ha); VEGno: number of vegetation types present. The
condition on top of the branch applies for the left side of the branch. Outcomes are predicted as fdlows: 0
(match between two scales, i.e. same irreplaceability category in both data sets), +1 (overestimate of
conservation value from broad-scale data), -1 (underestimate of conservation value from broad-scale data).

the most important factors (Fig. 4). Three considerably transformed vegetation types that were only
identified at fine-scale mapping (namely Elim Asteraceous Fynbos, Renosterveld, and Renoster
Fynbos) contributed to high irreplaceability values for cadastral units in which they were present. At
broad-scale, these vegetation types were mapped as widespread common BHUs with lower
conservation targets relative to extant areas. These cadastral units therefore did not score high
irreplaceability values by using broad-scale biodiversity features (BHUs). Conservation value was also
underestimated using broad-scale biodiversity data in large cadastral units containing more than four

vegetation types (Fig. 4).

Habitat transformation from remote sensing vs. ground survey

Conservation value was relatively unaffected by fine or broad-scale mapping of habitat transformation
(habitat transformation comparison, Table 4). Similar values of irreplaceability were found in almost
80% of the total area, while the use of remote sensing mapping overestimated irreplaceability in 12%
of the area (Table 4). Broad-scale mapping of habitat transformation was found to slightly increase the
amount of land needed to achieve all conservation targets (Table 2). Using classification tree model,
the remaining difference in irreplaceability value within cadastral units could not be explained by any

factor. The scale of habitat transformation mapping however did influence conservation targets. The
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Figure 5. The effect of habitat transformation mapping in setting conservation targets for vegetation types. For
each vegetation type, the difference (in %) between target derived using remote sensing mapping of habitat
transformation (broad-scale) and target derived using field-mapping (fine-scale) was calculated.

use of broad-scale mapping generated higher targets for untransformed vegetation types (compared to

the original fine-scale targets in the Agulhas data set) and lower targets for transformed ones (Fig. 5).

Sixteenth degree square vs. cadastral units

Broad-scale planning units were less efficient (i.e. more land was required) than fine-scale units for
achieving all conservation targets for vegetation types (76.8% of the total area required compared to
66%, Table 2). Conservation value was similar in 56% of the area, but the use of sixteenth degree
squares generated higher irreplaceability values for 33.6% of the area (comparison of planning units,
Table 4).

Almost 75% of the differences in conservation value between the data set no 3 (using
sixteenth degree squares planning units) and the Agulhas data set (using cadastral boundaries) could
be explained by a classification tree (Fig. 6). The model was based on the four vegetation types and
the area of untransformed vegetation in cadastral units. Conservation value was mostly driven by the
occurrence of one vegetation type, Elim Asteraceous Fynbos. In cases where this type was present in
both planning units (cadastral units and sixteenth degree squares), the irreplaceability value was
similar, irrespective of other vegetation types also present (Fig. 6). The same applied for the vegetation
type Renoster Fynbos. Conservation targets for these two vegetation types require all the remaining
extant area, therefore each planning unit where they occur becomes irreplaceable (irreplaceability

value of 1). In most cases where the vegetation types Mountain Top Fynbos and Wet Restioid Fynbos
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Figure 6. Differences in conservation value between conservation plans using broadscale (1/16™ degree square,
SDS) and fine-scale (cadastral boundaries, CAD) planning units. The model is based on 961 planning units.
Significant vegetation types were: Elim Asteraceous Fynbos (ELIM), Mountain Top Fynbos (MTNTOPR),
Renoster Fynbos (RENFYN), and Wet Restioid Fynbos (WREST). NATAREA. area of untransfommed
vegetation. The condition on top of the branch applies for the left side of the branch. Outcomes are predicted as
follows: 0 (match between two scales, i.e. same irreplaceability category in both data sets), +1 (overestimate of
conservation value from broad-scale data), -1 (underestimate of conservation value from broadscale data).

occurs in sixteenth degree square planning units but not in cadastral units, their occurrence led to

higher irreplaceability values in the sixteenth degree square planning units (Fig. 6).
Analysis of similarities and differences of basic features at broad and fine mapping scales

The two previous sections have shown the importance of the choice of biodiversity features in both
determining pattern of irreplaceability and achieving conservation targets. Here I explore more
generally how patterns of biodiversity and habitat transformation changed from fine to broad-scale,

and how it relates to irreplaceability patterns and conservation targets.

Patterns of biodiversity and habitat transformation

Conservation targets were not achieved for 15 vegetation types by using either biodiversity featurss
(BHUs), habitat transformation pattern or planning units from the broad-scale data set (see Table 3).
These 15 vegetation types shared similar characteristics identified by a multi-variate analysis. A very
simple classification tree based on the conservation target and the percentage of untransformed
vegetation could correctly classify 32 of the 36 vegetation types into two categories: vegetation types
for which conservation targets are achieved in all cases, and vegetation types for which conservat on

targets are not achieved when using broad-scale components (see Fig. 7). Targets were always
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Figure 7. Efficiency of broad-scale conservation planning in achieving conservation targets for 3 vegetation
types identified at fine scale. TARGET: original fine-scale conservation target (in % of extant area). NAT: extant
area (in % of total area of vegetation type). The condition on top of the branch applies for the left side of the
branch. Outcomes are predicted as follows: {0 (conservation target not achieved at broad-scale conservation
planning), 1 (conservation target achieved at fine and broadscale conservation planning).

achieved for vegetation types with low conservation targets (target <37.8% of extant area) while
targets for highly-transformed vegetation types with high conservation targets could not be achieved in
all cases (Fig. 7). Conservation planning based on broad-scale biodiversity features (BHUs)
incidentally included extant portions of vegetation types “and indirectly achieved conservation targets
for some of them (26 out of 36, see Table 2). However, conservation targets for some vegetation types
are such that all the extant area of these vegetation types is required. This implies that targets for these
vegetation types would not be achieved by a broad-scale conservation plan that incidentally selected
vegetation types. Broad-scale mapping of habitat transformation underestimated the extant areas of
highly-transformed vegetation types that mainly occur on small fragments (see below). The
underestimation of extant areas led to a smaller area being selected at broad-scale and, therefore, fine-
scale targets could not be achieved for these vegetation types in the broad-scale conservation plan.
Conservation planning at the broad scale, therefore, generally fails to achieve conservation targets for

highly transformed vegetation types with high conservation targets.

As mentioned earlier, overall differences in irreplaceability patterns could partly be explained by the
distribution of four BHUs (see Fig. 3), namely Elim Fynbos/Renosterveld Mosaic (Elim), Springfield
Sand Plain Fynbos (Springfield), Agulhas Fynbos/Thicket Mosaic (Agulhas), and Overberg Coast
Renosterveld (Overberg). The characteristics of these BHUs are summarised in Fig. 8a. Elim,

Springfield and Agulhas are among the most abundant BHUs (Elim covering the largest area), and

132



Chapter 6

09
1 Agulhas Fynbos / Thicket Mosaic
0.7 areg 'COM° 2 Bredasdomp Mountain Fynbos Complex
30 3 De Hoop Limestone Fynbos
4 Elim Fynbos / Renosterveld Mosaic
5 Genadendal Grassy Fynbos
0.8 6 Hagelkraal Limestone Fynbos
7 Overberg Coast Renosterveld
8 South West Dune Pioneer
9 Springfield Sand Plain Fynbos
0.3
4
=< @
%
0.1 9 ® tar%et
0.1
-0.3
08
0.4
0.2
0.0
0.2
< -0.4
-0.6
-0.8
-1.0
4B

Figure 8: Correlation biplots for (a) broad habitat units and (b) vegetation types. Area: % of total area, %onatur:
% of extant vegetation, Ytarget: conservation target in % of extant vegstation, vegno: number of vegetation
types, ratio: edge/perimeter ratio, Simil: % of the total area of each vegetation type nested within one BHU;
Accnat: spatial accuracy between habitat transformation derived at fine and broad scale. Codes for vegetation
types are given in Table 3.
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Elim and Overberg are also the most transformed BHUs (in percentage) and have the highest

conservation targets (in % of extant area).

Similarly, a few vegetation types appeared to influence irreplaceability patterns (see Fig. 3 and 4),
namely Elim Asteraceous Fynbos, Renoster Fynbos, Renosterveld, Mountain Top Fynbos, and Wet
Restioid Fynbos. Their characteristics are illustrated in a correlation biplot (Fig. 8b). Three of them are
the most transformed vegetation types with the highest conservation targets (100% of the remaining
vegetation).

As expected, there were some substantial differences in the spatial pattern of biodiversity at
both scales. The 36 vegetation types, mapped at the fine scale, were not entirely spatially nested within
the 9 BHUs mapped at a coarser scale. For nine vegetation types, less than 50% of their spatial
distribution fell within one BHU (Table 3). In other words, boundaries of fine- and broad-scale
biodiversity features did not coincide for these vegetation types. However, 11 vegetation types are
almost entirely distributed within one BHU. Vegetation diversity (simply expressed as number of
vegetation types present) within each BHU, ranging from 2 to 30, could be expressed as a linear
function of the BHU area (R? = 0.84, p <0.001).

Patterns of agriculture and remaining natural vegetation.

Although the extent and the configuration of habitat transformation relative to biodiversity features
generated pronounced differences in reserve design efficiency and irreplaceability patterns, the spatial
distribution of land available for conservation planning (remaining natural vegetation not densely
invaded) was not greatly affected by the scale of the analysis. Almost 80% of the untransformed land
mapped at fine-scale (Agulhas data set) was classified as untransformed at broad-scale (CAPE data
set). Looking at the spatial distribution of transformed areas, there was also a very good spatial match
between the two data sets (86% agreement, Kappa value of 0.69).

Differences in habitat transformation patterns were not randomly distributed throughout the
study area and among the 36 vegetation types. Differences were greater for transformed vegetation
types. Fig. 8b shows that the variables accuracy of habitat transformation mapping (ACCNAT) and
extent of untransformed vegetation (%NAT) are positively correlated (r = 0.52, p < 0.01). Greater
differences in terms of extent of habitat transformation were found for highly transformed vegetation
types. Habitat transformation was overestimated at the broad-scale for heavily transformed vegetation
types such as renosterveld, as small remnants of natural vegetation were not captured by the broad

scale study.
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Discussion

This study attempts to demonstrate some of the implications when moving from finescale to broad-
scale conservation planning and vice-versa. As conservation resources are generally limited, the need
for fine-scale conservation planning should be seriously motivated against a generally more rapid
conservation assessment at broader scales, Careful attention should be given to whether conservation
decisions will benefit from additional information gained at finer scale (Conroy and Noon, 1996).
Because of its expenses per unit area, fine-scale conservation planning is usually available only over
limited areas, and regional planning therefore uses broad-scale data.

Conservation value, or irreplaceability, was here expressed as a function of the distribution of
biodiversity features, the spatial patterns of current and future habitat transformation, and the size of
planning units. In this paper [ have attempted to tease out the effects of these interacting factors on
irreplaceability value and reserve design efficiency at fine (1:10 000) and broad (1: 250 000) scale.
Because of the interactive nature of these factors, the results can only be indications of possible
consequences of taking conservation decisions at various spatial scales and should be interpreted

cautiously.

Moving from broad to fine-scale conservation planning

The analysis of reserve design efficiency indicated that broad-scale conservation planning was
relatively effective in achieving fine-scale conservation targets (Table 2). This raises the possibility
that fine-scale data are not an absolute requirement for conservation planning since broad-scale
assessments are efficient. However, the vegetation types for which conservation targets were not
achieved are heavily transformed, consequently under threat, and are therefore priorities for
conservation actions. Fine-scale conservation planning is the only way to identify these threatened
habitats. Moreover, the efficiency of reserve selection exists only if the whole plan is implemented,
meaning all selected areas being reserved. This is a serious drawback of using minimum sets since in
practice implementation of conservation actions takes place over long period (Pressey and Taffs, 2001;
Pence et al., in press). The use of minimum sets do not provide any information regarding the relative
need of selected area for protection because they fail to identify areas as first priority for conservation
(Pressey, 1997).

As opposed to reserve design efficiency, irreplaceability patterns (i.e. the relative contribution
of one planning unit towards conservation targets) revealed strong differences between fine scale and
bread scale conservation planning (Table 4). Although broad and fine-scale conservation plans differ
in many aspects (biodiversity features, habitat transformation mapping and configuration of planning
units), differences in conservation value could be explained by few factors, and the same vegetation

types were found to govern irreplaceability patterns throughout the study.
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Biodiversity

The fine-scale conservation plan generated overall higher irreplaceability values in planning units than
the broad-scale plan. Fine- and broad-scale assessments of conservation value mostly differed in areas
where highly transformed vegetation types (such as Elim Asteraceous Fynbos) occur. These habitats,
occurring on small and isolated fragments were overlooked in the broad-scale analysis. They were
incorporated into larger biodiversity features (BHUs) with lower conservation targets, thereby
underestimating the real conservation value of these fragments. Conservation value was also
underestimated in planning units with relatively high number of vegetation types (i.e. higher local
diversity). In other words, conservation planning at the fine-scale shifts conservation value towards
fragmented and/or diverse habitats. This was particularly clear in the Agulhas Plain, which is highly
transformed and fragmented by agriculture (Cole et al., 2000) where 50% of the total area was
considered irreplaceable at the fine scale as opposed to 10% at the broad-scale. This suggests that the
adverse effects of broad-scale conservation planning would be more severe in fragmented and/or
heterogeneous habitats but minimised in relatively intact and homogeneous habitats. Fine-scale
conservation planning would therefore be more effective in preserving habitat diversity in fragmented
and/or heterogenous areas, This was supported by the study of Stohfgren et al. (1997) where sampling
plant diversity in heterogeneous habitats required finer spatial resolution (i.e. minimum mapping size)
than for homogeneous habitats in order to better represent biodiversity pattern. The positive
relationship between habitat fragmentation and habitat heterogeneity is however likely to be specific
to the Agulhas Plain, where greatest vegetation type heterogeneity, comprising remnants of Elim types
(7-9 in Table 4) Renoster types (24-26) and many wetland types, is found along catenae associated
with agriculturally valuable soils (Thwaites and Cowling, 1988). The resultant transformation has left
small pockets of these vegetation types, some on ferricrete outcrops unsuitable for cultivation (top of
the catena; Elim Asteraceous Fynbos, Elim Fynbos), others on steep high quality midslopes soils that
have escaped cultivation (Renoster Fynbos, Renoster Grassland, Renosterveld), and many wetland
types on bottomlands unsuitable for cultivation (R.M. Cowling, personal communication).

Although fine-scale habitat heterogeneity is partially lost in broad-scale assessment of
conservation value, the latter probably generate more consistent patterns of biodiversity for regional
planning. Fine-scale biodiversity mapping is not error-free, especially when the original extant is
estimated from field surveys. Field surveys do not consistently record features throughout the
landscape (e.g. owing to landscape heterogeneity and inaccessibility) and are generally less objective
than remote sensing classification (Fuller et al., 1998). Such uncertainty and subjectivity was probably
minimised by defining land systems (BHUs in this study) mostly on the basis of similar topographic,
geological and climatic features (Cowling and Heijnis, 2001). However, broad land systems tend to be
more heterogeneous. Heterogeneity within and between classes has been rarely addressed for the
setting of conservation targets in conservation planning (Ferrier et al., in press; Pressey et al., in press).

Habitat transformation
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Recently, the consideration of threats to biodiversity in conservation planning has received increasing
attention (Sisk et al., 1994; Richardson et al., 1996; Pressey, 1997; Flather et al., 1998; Chapter 4).
Quantitative assessments of current and future land transformation improve the setting of conservation
targets (Pressey et al., in press) and the identification of conservation priorities (Pressey et al., 1996;
Pressey and Taffs, 2001). In this study, habitat transformation was quantified from remote-sensing
interpretation (broad-scale) and ground survey (fine-scale). The spatial pattern of habitat
transformation was very similar at both scales (80% in accuracy), but there was a strong negative
interaction between spatial accuracy and extent of transformation for the 36 vegetation types (Fig. 8b).
The most transformed vegetation types showed large discrepancies in their spatial patterns when
habitat transformation was mapped from broad-scale or fine-scale data.

The consideration of habitat transformation was crucial when combined with biodiversity
pattern. Patterns of irreplaceability at the fine-scale were driven by the presence of few highly
transformed vegetation types; the conservation value of sites where these vegetation types occur was
always underestimated at the broad-scale (Fig. 3). At the broad-scale, the apparent loss of conservation
value in fragmented habitats will obviously depend on the degree of fragmentation (average size of
fragments and connectivity between fragments). In this study, habitat transformation pattern was
available at two different spatial scales only. By analysing the effects of various spatial scales
(window size) on landscape characteristics in the Everglades region, Obeysekera and Rutchey (1997)
found that islands of natural vegetation almost disappear beyond the 700m scale. Very few fragments
of natural vegetation were identified using a window size of 700m. The critical mapping scale for

which irreplaceability values considerably drop needs further investigation.

Planning units

Most systematic assessments of conservation systems rely on planning units with various size and
shape configurations. This study confirms that broad-scale planning units (in this case, 1/16" degree
square) are less efficient in achieving conservation targets than cadastral units (Pressey and Logan,
1998). The minimum set based on 1/16" degree squares selected more land than the minimum set
based on cadastral units to fulfil the same conservation targets (Table 2). Large planning units are
therefore more costly to implement (Pressey and Logan, 1998). Small units, such as cadastral units,
can also be amalgamated with much more flexibility in choices of boundaries and configuration.
When these small units are linked to land tenure, they greatly facilitate the implementation phase

(Pence et al., in press).
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Is there an appropriate spatial scale for conservation planning?

Because of its hierarchical nature, biodiversity can be estimated at several levels of spatial
organisation (Franklin, 1993; Humphries et al., 1995). Several studies on biodiversity patterns have
suggested that results obtained from one spatial scale might not be applicable to another scale (Levin,
1992; Collingham et al., 2000). This leads to the following question: Is there an appropriate scale (i.e.
resolution) for conservation planning? From this study, one could easily argue that mapping
biodiversity at 1:10 000 is still too coarse, and a finer mapping resolution is required to capture most
of the biodiversity pattern. A finer mapping resolution will allow the capture of very rare habitat types,
some of which are highly transformed. As the results of this study suggest, these highly transformed
habitats of high conservation value are the most likely to be overlooked by the broad-scale assessment
of conservation value. These habitats would be considered of high priority if conservation planning
were undertaken at a finer resolution.

There is however no clear theoretical or practical answer on which scale to measure
biodiversity (Heywood, 1995; Nagendra and Gadgil, 1999) and a multiple-scale approach is probably
required (Conroy and Noon, 1996; Poiani et al., 2000). Any single-scale conservation assessment is
likely to be flawed because of the hierarchical nature of biodiversity operating at various spatial scales
(Fairbanks and Ben, 2000). This study has shown that fine-scale biodiversity patterns are not entirely
nested within broader units and irreplaceability value of the same site differs between fine and broad
scale conservation planning. The conservation value of few vegetation types was thus regionally
underestimated (high priority areas in low priority regions) in 54% of the area of the Agulhas Plain
while over-estimated in 27.7 % of the region (low priority areas in high priority regions).

It is generally stated that coarse-filter approaches encompass most of the biodiversity levels
(Noss, 1987), but this has been tested in very few studies (Wessels et al., 1999; Araujo et al., 2001).
Land classes (such as BHUs) are certainly good surrogates for biodiversity (Cowlings and Heijnis,
2001; Lombard et al, in press) but they are only surrogates and conservation planning based on BHUs
or other surrogates should be completed by more fine-scale and detailed biodiversity assessment. In
previous conservation study on the Aguthas Plain, Lombard et al (1997) found that reserve selection
algorithms based on 11 vegetation types represented well populations of most endemic species.
Appropriate systematic conservation planning should therefore aim at representing biodiversity
patterns in its hierarchical form (from land classes to species) and incorporating biodiversity
persistence (Cowling et al., 1999a). A good conservation plan should also look at combinations of land

classes and the interactions between them.
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Conclusion

QOutcomes of conservation planning (conservation value and minimum set) are scale-dependent. They
rely on the spatial scale at which biodiversity features and habitat transformation are mapped, and at
which planning units are selected. Broad-scale conservation planning is probably suitable for
homogenous and relatively intact landscapes. Such scale of analysis provides quick and consistent
assessment of conservation value for entire regions. However, conservation value is likely to be
underestimated in areas where localised and heavily transformed habitats do occur, these habitats
being “missed” at broad scale. Fine-scale conservation planning is thus most important in fragmented
and heterogeneous landscapes where the adverse effects of broad-scale mapping are likely to be

severe.
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Chapter 7

Understanding actual and potential patterns of plant invasion at different spatial scales;

quantifying the roles of environment and propagule pressure

Abstract

[ explored the current and potential future patterns of invasive alien tree species (mainly deacia,
Encalypris and Pinus spp.} in South Africa at different spatial scales {landscape, regional, and sub-
continental) ranging from 10 to | 000 000 kny’. Data were collected from feld mapping {landscape
scale}, asrial photographs and remote sensing {regional scale) and expert knowledge (sub-continental
scale). All distribution data and information on biophysical characteristics were available in GIS
format.

| first identified the determinants of the distribution of invasive stands using regression-tree analysis
{Formal Inference-based Recursive Modelling, FIRM). [ found that environmental factors best
explained distribution at broad scales whereas propagule pressure explained most of the variation at
finer (i.e. landscape) scale. A hierarchy in the environmental faclors was observed. I then used the
environmental determinants identified by FIRM 1o mode! the potential distribution of invasive alien
species at each spatial scale investigated. FIRM accurately predicted between 60 and 90% of the
distributicn of invasive stands, but the accuracy of predictions was poorer at finer scales. | discuss
how to integrate results when moving from landscape 10 broad scale assessments (and vice versa), and

the tmplications for management and peliey formulation for alien plant control.

Introduction

Biclogical invasions are one of the most important agents of land transformation and represent a major
and growing threat to biodiversity worldwide {Wilcove et al, 1998). Increasing attention is being
given to the study of invasions. Among the most pressing questions in invasion ecology are: 1) what
makes some laxa successful invaders?: 23 what makes communities open to invasion?; and 33 what are
the impacts of biclogical invasions and how can these be managed? Considerable progress has been
made towards a predictive understanding of plant invasions (Rejmanek et al., in press).

The issue of scale is recognised as a central problem in ecology {Levin, 1992), Spatial scale is
cenerally understoed as having two components: extent (the size of the study area), and reselution (the
precision of measurement) (Farina, 1998; Csillag et al,, 2000). In this study, spatial scale is taken in its
gcological rather than cartographic context (small scale meaning finer assemblage) The scale of
observations influences the description of patterns and, of interest for this study, the understanding of

plant distribution, There 1s no single obvious scale at which ecological phenomena should be
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investigated, since process that opetate at many seiles interact o alfect distribution, diversity and all
other properties of taxa and communitics (Levin, 1992, Farina, 1998), Cross-scale studies are thus
eritical to complement single scale studies. Most ceological studics of plant distribution focus on one
spatial scale. The feasibility of extrapolaling perspectives from single-scale studies iy very seldom
tested and may be limited. This is a problem, since managers, planners, and policy makers operate at
different scales, generally range from small patches of land {plot to landscape) to whole regions or
countries. Good information on the drivers of processes at the local scale is probably most useful to
managers responsible for manipulating individual organisms, pepulations or communities, The same
iformation is generally much less useful to planners and policy makers responsible for setting
priorities for management, and setting policies and legislation. Lntil recently, most information on
pracesses and factors that drive invasions was applicable o landscapes or smaller units. Advances in
remote-sensing techniques, computer technology and spatial analvsis methods are facilitating casier
access 10 perspeclives on the drivers of invasion al much larger spalial scales. Managers, planners and
policy makers now have access to information fron: very different scales. Tt is by no means clear how
one could wse infurmation colleeted at one scale @ Jefine priorities at another scale,

The widespread occurrence of invasive alien trees and shrubs over very large parts of South
Africa (Richardson et al.. 1997), and a history of detailed studics of hvasion dynamics al many
different scales (Macdonald et al., 1986:; Richardson et al_, 1992 Richardson et al, 1997, Hirrins,
19987, pravides a good opportunity for exploring which factors are correlated with inmvasion at
different spatial scales. Four different data sets reccrding the spatial distribution of invasive tree
species were used, They span spatial seales ranging from landscape (tens of ha) to natiopal boundaries
(mjllions of ha). The aims were: 1) to test the ability 1o predict alien plant distribution at each scale: 2}
1o identfy the main determinants of diswribution at each scale; and 3} to assess the relevance of

predictions derived al one seale for application at other sgales.

Methods

Dater colleciion

| assembled in a Gevgraphic [nformation System (Are/Info 7.2) four data sets for exploringthe role of
environmental factors and propagule pressure ar ditferent scales in determining the distribution of
invasive trees and shrubs in South Africa. Data on the current distribution of invasive alien trees were
collected in various wayvs [rom different lecalities (Fig, 1). Since detatls of each study have been
already presented i previvus papers and chapters, only brief summaries are provided here. Each data
set consists of a different spatial scale {from landscape to nation-wide survey). Main characteristics

and references for cach study are summarised in Tasle 1.
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Figure 1. Mup of Towr slody urcas. Features of the foue arcas are given i Table 1, CTR: Cape Flonstic Region.

The Kango Valley {33.3° 8, 22.1° E; 25 km?) is Jocated in the Western Cape provinee of South Africa
{Tig. 1}, The climate 15 semi-arid with winter rains (annaal rainfall 420mm at 700m elevaton). The
vegetation consists of Ore-prone shrubland (fynbos at higher altitudes, renosterveld in the lowlands).
Four Pinus species have been planted in the area in various configurations and densities since 1926.
Invasive lrees (individuals and stands of the four Pinus species) were recorded with 4 GPS during [ield
survey in the Kango Vailey (see Rouget et al,, 2001). Almost 1500 individuals were geo-referenced

andd the boundaries of gver 10O ha of self-sown stands were digitised (1;3 000 seale).

Aegrial photographs and field surveys were used to quantify the extent and percentage cover of 36 alien
tree species in the Aguthas Plain. This region lies at the soulhern part of the Cape Florstic Region
and covers approximately 2 160 km® (Fig. 1), The area has a mediterrangan-type ¢limate, with a mean
annuzl raintall of 430 mm. Although the coastal peneplain has a relatively homogenous topography,
there is a complex moesaic of geological substrata and soil types. Agnculture and alien plant invasions
are the main threats w biodiversity in this hotspot of plang bicdiversity, Extremely detailed fizld
survey methods were used w map the distribution, composition and age (height) structure of stands of
wondy vasive species (chapter 33, Over 100 (00 ha of self-sown stands were mapped throughout the

Avalhas Plain (1: 10 000 scale}.
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Talble |, Characteristics of the four case studies of invasive alicn plnt distribution in South Aftica,

Study area TExtent  Resolution na, of Y eover Heferences
(km®) (m} species
Kango Valley 25 a5 4 COnLITTLOUS Rouger ot al., 2001
Agulhas Plain 2200 250 36 6 categories Chapter 3, Cule et al.,
2600
CI'R BR0GG 1704 Cotmbincd 3 cateporics Chapter 4
South Africa 1.2 15" (700 2 taxa 6 catepgorics Chapter 5;

Voersleld ot al., 1998

Remaote sensing was used to map the extent of stands ot invasive alien trees and shrubs (mainly
Aeacta, Hakew, and Finus species) in three density classes across the entire Cape Floristie Region
{CFR, Fia. 1}. The CFR covers 88 000 ki’ and hosts some 9 000 plant specics, 70% of them endemic
to the region (Goldblatt and Manning, 2000} The CFR is extensively translonned by agricullure, alien
plant invasion and urbanisation {Chapter 4). 2 200 km' of the CFR are covered by medium to dense

stands ot alien plants (= 2530 000 scale),

Finally, the extent and density of sclt-sown (invasive) stands of Pinwy species and Acacia mearnsii
were mapped for (he whole of South Afrien {1,219,090 kut'), using all available data supplemented
by expert knowledge gathered at provincial workshops (Versteld ot ab, 1998 | only used the
distribution of self-sown Piaus species because of the difiiculty to assess source populations for
Acacia mearnsii (e, where the invasion staried, see below}. South Africa has a wide array of climates
{from arid to tropical), tandforms and topography (trom sca level to 3375 w clevation) and vegetation
{from desert Lo temperate [orest) {Cowling et al., [9%7). Species and densities were recorded for each
ivaded zone at the 1:250 000 scale (because of discrepancies in mapping methods between provinces,

the data set is probably only accurate at t: 500 000 scale).

Abiotic and biotic factors that could potentially explain the distribution of invasive species were also
collected and stored in GIS fommat, The database contained infermation on climate, topagraphy,
vegetation, geokogy, sources of invasion {propagule pressure), land use, and disturbance (see Table 23
A series of environmental [actors were derived separately for each study: the scale of environmental
data thus varies between studies. The best factor for each predictor category (climate. topography, etg)

was selected from the analysis performed for each separate casc study (sev referenees in Table 1),
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Tatile 2. Abtotie und biotic factors used in exploring determinants of invusion patlems for alien free species at
four scales m South Afries (see Table 1 lor details of the four areus). Within cach caegory (climate, wpography,
etc), the best factor was chosen wccording to results of separate case studies. For cach category, the Dactor
included {n the analvsis iz medicated, as is is relateve rank of importance (1, most significant Factor: &, least

sigmficant),

Category Knn;.:,b_‘i“al'l'ej" Agulhzl# Plain (_uprc Floristic " South Africa
Region

Climate : hleun gnmual Cirowih davs (1) Growth days (2)

raintull (4)

Tapography Aspect (d) Altitude (3 Diistance 1o coast Altide {6)
(3

Yeeetation Vegetaion densily  Vegelution Broaad Habitu Vegetadion Iypes

£2) groups (2) Linits (2} il

Creoloay, padology

Soll pH (3)

Geogy (6}

Geology (5}

Geology (4)

Lynd wse Proximiry to field  Land use {3) Disiumoe W rouds Land ose (5)
(6) (B

Disturbance Fire (3} - - _

Prapagule pressure Distanee fo sooree [Dslance 1o Distance Lo Distunce 1o
i1} source (1) plantations (4} plantations (3}

flara Aralysis

[ata sets were first exiracled from the GIS databases. For cach study, [ derived a sample of randomly

distributed puints {between 1434 and 8470 points, depending on the study). For each point,

infoermalion on the distribution of invasive planl species {presence or absence} was available, Beeause

categories of percenlage cover recorded for each study differ, 1 was forced lo use presence/absence

data only. T also derived environmental auributes for cach point based on the underlying

envirommental GIS Jata available in each study, This procedure generated a matrix of random

abservations contuming valucs for the response variable (presencefubsence of invasive specics) and all

the potential predictors (environmental factors),

Several statistical techniques are potentially suitable for exploring the determinants of specics

distribution (see Franktin, 1995; Guisan and Zimmerman, 2000 for reviews). The approach used here

assumed that plant distribution patterns are correlated with environmenlal factors, and thus

enviranmental factors can be used Lo idenlify urcas suitable for plant establishment {in this case,

invasion}. [ used regression-tree models (FIRM 2.1, Hawkins, 1995} to identify determinants of

invasion patterns for each study, Regression-tree analysis is a very usetul technique for explorng

palterns in Jarge data sets becanse Lhe approach is distribution-free. It can also handle categorical (like

seology) und non-categorical {like mean annual ruinfal) predictors simultaneously . Classitication
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1res can detect non-lingar relationships between varables (Breinam et al., 1984). Further details of
the analytical approach are given in Chapler 2.

In areas with low environmental helerogenzity but where the invasive plants are patchily
distributed, one would expect environmental Factors o be poor correlates of species distribution. In
this situation, where plant species distribution is not driven primarily by environmental factors,
dispersul or propagule pressure might be more important, al least in practical terms {Rejmanek o1 al.,
in press). To quantify the relative impartance of environment versus propagule pressure for explaining
invasion patterns, | also modelled species distribution as a function of the minimum distance 1o source
populations. Source populations were defined as forestry plantaiions (in the South AfTica-wide study
of Pinuy and i the Cape Floristic Region} or old stands at the origin of the invasion (the remaining
studies). Minimum distance 1o source was considered (o be a good surrogate for propagule pressure,
Propagule pressure is widely recognized as o fundamenial driver of invasions (12’ Antouio etal., 2001,
Rejmanek et al, in press). The quantification of its rale in invasion is problematic, and this study

zeeks to develop a pratacol for exploring this factor at different spatial scales.

For each stody, 1 tdentified the major determinant of distribution using FIRM. Only one (actor was
used in the analysis. 1 compared the ability to understand and predict patterns of distribution using the
mest significant envirconmental factor as oppused to propagule pressure only, Comparisons were based
on the prediction accuracy of invasive stands (% of presence data correctly classitied by the model),
and en the Kappa statistic. Kappa statistic measures the proportion of agreement between observed
and predicted values while taking inle account agreement obtained by chance only (Fielding and Belt,
1997,

To assess the relevance of predictions derived at one scale and applied to ancther scale, models were
scaled up and down. The resolution was kepl constant (1708 m) Lo separate the eifects of sputial extent
and resolution, Regarding scaling-down models, nation-wide predictions were assessed at regional
{CFR) and local {(Apgulhas) scale, and regional predictions were assessed at the local seale. Regarding
scaling up, the opposite approach was used. [ only assessed the accuracy of the regional mods!
{derived for the CFR) for predicting invasive species distributions at a sub-continental scale.
Predictions were assessed based on three values: similarity, accuracy, and Kappa statistic. Similarity
measures the overall spatial match between predictions based on different scales; Accuracy measures
the percentage of correctly classified instances when applying maodels derived from another spatial

scale; and the Kappa statisue reftects the overall signilicance of the mateh.
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Talle 3. & companson of the main drivers of distriboton of ivasive alien wees at four scales in South Aftica
(see Table 1). For cach spatial scale, 1 lested the importance of enviromment versus propagule pressurs i
explaining the distbution of invasive specics. The rank of each factor 15 given {1 being the most significunt
factor). The predictive power of the model wis ussessed o terms of % presence correctly classtlied, 9% absenee
cortectly classified, toral accuracy (presence and ubsence cormectly classilied) und Kappu stalistic.

Analvsis Sample size Rank % presence % absence e total | Kappa
South Africa

Wegelation Lypes 4344 l 4.0 03.8 598 0787
Distance o plantations 4344 3 334 928 76.6 485
Cape Floristic Region

Growth days 2251 f b 79.1 6.4 368
Distance to plantations 2251 4 393 £ &l1.0 h22]
Agullias Plain

Distance 1o sourves 8471} l 558 791 H6.9 (.345
Vemetalion typas w0 Z G2l 67 al.s 0,229
EKanpo YValley

Distanee to sources 1434 1 733 574 651 0314
Yegetation densily 1434 2 384 BR.3 67.2 (1,254
Results

Deterininants of invasion patierns

The spatial scale at which the analysis way performed influenced the sccuracy of the models.
Predictions {based on the best environmental factor and propagule pressured were more accurate al
large scale (Table 3. Fip. 2a). Kappa values were sbove (0.7 for the sub-continental dats set and around
(1.3 for the landscape study (Kango Valley, Fig. 2a). Based on presence accuracy (% of presence
abservations correctly classified), environmental factors were better predictors of invaded areas at
large scale (regional to sub-continentaly while propagule pressure was o better predictor at lower scale
(landscape to local, Fig, 2k, Fig, 2b clearly shows the model respaonse o envirommental facrors
gecording to the spatial scale investigated. Similar model accuracy was obtained at fine (Kango valley)
and broad {South Africa) seale but using lwo different sets of factors: propagule pressure (distance
spurces) for Kango Valley and environmental varable (vegelation 1ypes) for South Adrica,

The relative contribunion of each factor in explaining the distribution pattern of invasive plant species
is shown in Table 2, Among the six cuterories of predictors investivated, no category was identified as
being the best factor to explain the distribution of invasive species at all spatial scales. Different
environmentdl determinanls govermn the current invasion pattern, Propagule pressure was the maost

significant determmnant of invasion patlern af fine scale (Kango and Agulhas data sets, Table 2).
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Figure 2. The imporance of envirsomenal factors and propagule pressure in predicting ehe distribution of
invasive plants. a) Kappa Statstic, by presenee accuracy,

Annual number of growth days was the best determinant at regional scale for the Cape Floristic
Region and vegetation (ypes the best determinant at a sub-continental scale (Table 2). It however
emerged that vegetation types were a good determinant of the distribution of nvasive species at all

scales {Table 2).

A closer analysis of the determinants of invaded areas {or each scale is given in Table 4, This
identified arcas more likely 1o be invaded than expected by random. based on environmental factors
and propagule pressure. Broad vegetation fypes were identified at a sub-contmental level (such as
fynbas and renesterveld, Table 4) which appears more suitable to plant invasion. These broad
vegetation types also oceur in the Agulhas Plain, and the use of data at g finer scale helped to identify
fine-scale vegetation types suitable to plant invasion. In the Agulhas Plain, fvnbos communities {such
as limestone proteowd Penbos) and moist areas (ke wetland and riverine habitals) were more invaded
than what onc would expect just by chance. At a finer scale {landseape study in the Kango Valley), the
amount of bare ground was the best environmental predictor of the distribution of invasive specics.
Areas with less than 30% of bare ground were most likely to be invaded by pines (Table 4},

Fropagule pressure, the most signilicant factor at (ing 10 medium scale, was perceived dilferently
throughout the studies {Table 4). Propaguie pressure influenced the distribution of invaded species up
to 300-700 m in the Kango Valley and in the Agulhas Plain ((in¢ scale) whereas it influenced the
distribution of invaded specics up to 8-15 km in the Cape Floristic Region and in South Africa (coarse

scale).
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Tahle 4. Deerminants of distributien of invasive plant spavies whenlified al four different spalial scules. The best
envitonmental {acior armong climate, geology, topoaraphy, land use, disturbance. and vegetation {see Table 2}
wis identified using clussilication rees. This was compared with the role of propagule pressure in determining
the distributicn, Only condiltons where invasive spegics are predicwd 1o oceur are indicuted.

Seale af study Em’ichHﬂlT:ﬁt1:1']:'_:1'_",‘1'_'[.‘_1_:_;'1'_:_' ~_ Propa gu_i;:_ pIessgre
Lundscape Yegetaton density Distanve o suurces
{Kango Valley) <3(0% of bare ground <087 m

ioual Yegetalion groups Distance e sources
{Agulhas Plaing Avid sand protesid Fynhos <527 m

Lirnestone proteoid Fynbos
Forest and Thicket
Riverine vegelalion
Wetland

Sand dunes

Kegional Grovwth dovs Distance to plantalions
{Cape Floristic Region) = 125 duws per year <76 ki
Sub-continenial WVegelalion Lypes [stance Wy plantatiuns
(Sonth Africa) Fynhas < |5 km

Renoslerveld

T owveld Bushvald

Forest

Sceding up and down

Predictions from one model were extrapotated w anather spanial scale, Attempts 1o scale-up or scale-
down the maodels were nol very successiul,

The model based on the CER data set performed pourly at a sub-continental scale (South Africa). By
scaling up model], I [ailed to predict inany invaded areas thal vceur outside the iraiming model range in
dilTerent eny ironmental conditions, This resulied Tn low ¢lassification accuracy for presence data
{Table 5}, However, predictive mwodels of invasive species distribution in South Afnca, which were
derived at a regional (CFR dawa set) and sub-contmental (South Aftica data set) were 86.3 % sinmlar
(Tahle 31.

Secaling down madels also led to weak models. Predictive made] based on South Africa
performed poorly W predict invasive species distibution in the CFR and the Agulhas Plain. They
venerally [ailed to aceurately predict sies where invasive species do not occur, These models however
“missed"” (Le. failed v predict) relatively few sites sehere invasive species oceur {Table 30, AL g sub-

cantinental scale, the entire Agulhas plain was predicted to be invaded {model based on South Africa).
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Tuble 5. Scaling-up and down models of invasive distribution. For scalingup, mode| based on CFR was
extrapotatad to predict invasive spevies distribution over South Africa. For scalingdown. euch model was
ausessed with respect to a finer daty ser (test data set, 2.p. sub-continental prediclions based an South Africa were
compared o the distribution of invusive species i the CFR and the Agulbas Plain). % similarity; degree of
madel similarity {ie. samy predictions at both scales) % presence: % of comectly classified presence in the test
data sel: % absence: % of correctly classified absence in the test datu sat; % total: % of comectly classified
obsurvalions (presence and absence) in the st datu set,

Model . Test Yo Similarity Yo presence % ahsenec % total Kappa

Scaling-up

CiR South Africa 86.5 344 805 896 0049

Scaling-down

Soutl Alriga CFR 34.2 BE.7 3on 416 0.049

South Alrivs Mgzulhas F47 L4 0.8 326 0,003
_CFR Agulhas 69.6 712 43.1 7.4 0.5
Discussion

The ability to madel the distribution of invasive species varied cansiderably according 1o the spalial
scale of the analysis, Predictive power of models was greater an larger than at finer scale (Fig. 2a).
This suggests that species respanse ta the environment 1s belter detected at large scale. 'This finding is
pattly due to the model approach used. Regression-like techniques rely an carrglations between
response variable (here, presence/absence of a species) and predictors (heee environmental factors),
Thus, it assumes that invasive species have reached a pseudo-equilibrium with the environment
(Franklin, 1995). Although the range of invasive spacics, especially if they have been recently
introduced. is still expanding. species distribution analysed al coarse scale can be considered to have
reached stasis (Wiens, 1989; Collingham et al.. 2000% A good correlation between species distribution
and environmentzal factors is thus expected at course spatial scale. However, predictions of invasive
species distribution based on environmental factors broke down at finer-scale. A loose species
response to Lhe environment was detected because invasive specics have yet not spread into all
suitable habitats. Moreover, the difficulty of building predictive models at the fine scale generally
inereases because observed patlerns become less easy Lo generalise (Costanza and Maxwell, 19947,
Madelling species distribution at a fine scale is also limited by the resolution of the environment data,

which probably failed to capture fine-scale environmental heterageneity.

Ascale-dependent hierarchy of predictors was evident frum the models 1 decived (Table 2).
Environmental factors were better predictors of invasive species distribution at large scale whereas
prapagule pressure was mare appropriate far modelling invasive specics distribution at the fine scale.
Climate and vegetation were the most impartant predictors at regianal and sub-continental scales,
Climate wag a paor predictor of invasive species distribution at finer scale (Agzulhas Plain, Table 2.
This contrasts with Lhe study by Collingham el al, (2000} where no hierarchy of environmental

cantrals was observed in the distribution of riparian weeds. Since species-response to environment is
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poorly detected at fine-scale, propagule pressure, which represents species dispersal in a crode way,
became the single most important predictor of invasion patteen at fine-scale. This supgests that
biclogical aleributes of invasive specics need (o be incorporated in fine-scale modelling of invasion
{Higgins and Richardson, 1996). In a similar study, Higgins ot al. (1999) used comelative models 1o
predict the distribution of six invusive species in the Cape Peninsula (471 km®), Elevation and annual
ruintall were the most significant predictors bul the toral vanance cxplained by the model was low (16-
3450, Mechanistic models are Likely o be better soited at this scale for modelling patlerns of invasion

becanse they inegrate plant-environment interactions (Higgins et al., 1996),

There s nol one ideal scale for analysing and modelling the many ceological phenomena that interact
to mediate species distribution limits (Levin, 1992). Perspectives from different scales provide
different layers of evidence, Attempts 1o scale-up and down models were generally not suceessful
{Table 3), Outcomes based on one spatial scale should thus be applied with caution 1 another
environment if the spatial extent or the resolution differs (Collingham et al., 2000). Scaling up the
regiomal moded (o the sub-continentat scale failed to predict invasive species distibution accurately
because of the wider range of environmental conditions at the sub-coatinental scafe, Although the
predictions of coarse models tn smaller areas (spatial cxtent decreased) were not satisfactory overall
(Tabte 57, all invaded areas were correctly identified. This suggests that coarsc-scale studies are
appropriste for identitying broad priorty arcas. These priorities could be vefined by analvsis at a finer
scale, For exampte, the sub-continental study identitied fynbos and renosterveld as vepctalion types
that are highly prone o invasion (Table 41 A fine-scale study for the Agulhas Plain identified which
yvegetation commumiies within fynbos and renosteryeld ace likely to be invaded (Table 4), Coarse-
scale studies are thus appropriate for policy on alien plant management and for defining regional
conservalton prioritics {Chaplec 4, Chapter 3) but their resoiution 15 100G codrse (o be usclul for
manngeinenl porposss, For management of invasive specias, spread has o be better modelled, not just
the susceptibility of the coviconiment (@ invasion, This s likely to be achieved by combining spread
mndels and plant-enviconment interactions (Chapter 3, Higgins and Richardson, 1998). Further studies
of invasion pattern, which span over several spatial and temporal scales are required (@ infer process

froam pattern and gain a better understanding of invasive species spread.
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Chapter 8

Conclusions

This thesis was primarily atmed (o provide a protocol for modelling the spatial patlerns of plant
specics {particularly Invasive species) at different spatial scales. This chapter brielly summarises the

approach and reviews the major findings of this waork.

Biological invasions as nalural experiments

This work was based an a series of case studies of plant distribution at ditferent spatial scales. Each
case study represents a natural experiment. With the development of statistical techniques and
Geographic Information Systems, such large-scale experiments are cxtremely valeable. Throuah the
different chapters, | have demanstrated the value of natural experiments for quantitying the

determinants of species distribution and for inferring pracess from pattern,

Modelling protoecol

The pratocol develaped for madelling pattern of plant species distribution is deseribed in Fig, 1. This
figure relates the modelling objective, the madel type, and the drivers of species distribution with the
spatial scale investigated. 1 suggest that the first criterion to cansider, irrespective of the spatial scale,
is the modelling abjective. In order to understand and model the spatial pattern of species distribution
{i.c. presencesabsence only ), static modelling approaches are appropriate for modelling species
distribution in their native range {Chapter 23, invasive species al local, regional, and sub-continental
seales {Chapter 3, 4, and 5 respectively). Such approaches are easy to implement and provide a
salisfactory level of accuracy. Determinants of species distribution arc most likely to be envirommental
[actors, the exact nature of which depends an the spatial scale analysed (Chapter 7).

In cases where the abjective 15 modelling species abundance or invasive species spread, the
type of modelling approach is probably scale-specilic. At local scale, static approaches fail ta
accurately model species abundance because key-biological attributes (such as species dispersal) are
iot taken into consideration. Quasi-mechanistic or even purely mechanistic models are therefore
required (Chapter 3. At this scale, propagule pressure was identified as the main driver of invasion
spread (Chapter 30, Al regional scale, species abundance (bt not species co-existence) could be
maodelled wsing a static approach, which includes biotic factars, such as the abundance of other

dominant species {(Chapter 2). At this scale, species abendance (and repeneration) was found to be
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MODELLING SPECIES PATTERNS
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Figure L. Proweol lor modelling patterns of plant species distribution, abundance and invasion spread at
different spatial scales. guasi-mechan.: quasi-mechanistic, cnvit.: cavironmental,

mediated mostly by bistic lactors (Chapter 2). Finally, static approaches can be used to crudely model
species abundance at sub-continental scule using abiotic factors (mostly climate, Chapter 53, However,
the resolution trom sub-continental studies might be broader than the resolution of the actual factors
drwving species abundance. This is especially the case [ur invasive species for which abundance is

mostly determined by human-indueed factors {(such as disturbance or propagule pressure) {Chapter 5).

The effects of spatial seale on the determinzots of distrebution, model accuracy and application

types

This study clearly illustrates the inter-dependence of detenminants of species distributian, model
accuracy, application types, and spatial scake. This 1s summarised in Fig, 2, The accuracy of static
models 1o identify species determinants increases with the spatial scale analysed. General patterns are
easily captured at broad-scale, whereas tine-scale patterns which tend to be context and species-
specitic, are therefore more difficuit w predict (Chapter 7). However. “quasi-mechanistic™ madels,
teveloped in Chaptler 3. considerably improved the model predictions. Such models integrate species
Biological attributes through propagute pressure and ¢nvironmental factors mediating the spread of

Invasive species,
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DETERMINANTS
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Figure 1. Inter-dependence of determinants of species distribution. model accuracy (static approach), application
Lvpes, and spatial stale. manags: management: soil char.: soil characteristics; P propagule pressure).

A scale hierarchy in the environmental factors identified as determinants is obscrved. This
hierarchy is however confused with the scale-dependence of mapping environmental factos. Climatic
factors were the most imporlant determinants ef species distribution at regional {Chapter 2, 4) and sub-
continental scale (Chapter 5). This study has shown that seasonul variability of climatic lctors might
play an important rele in determining the distribution of seme wooedy species (Chapler 2). The vole of
propagule pressure in derermining the trajectory of invasions is more pronounced at Mine-scale
{Chapter 5} than broad-scale (Chapter 5).

Finatly. the spatial scalc of the information required by managers, planners, or policy-makers
differs. Infermation collected at local scale is of little use to planners, or policy-makers (Chapter 3). A
regional scale is probably more appropriate for planning purposes {¢.g. Chapter 4), whereas

countrywide assessments can provide guidelines for pelicy on alien ptant management {Chapter 5).

Towards a predictive ecology

In cider to respond to the major factors threatening biodiversity (such as giobal change, invasive
specics, land pressures), Ecelogy, as a scientific discipline, needs to be more predictive. Predictions of
future changes, or impacts on biodiversity, ecosystem functioning. are required 1o anticipate threats

and (o prioritise conservation actions, This provides an interface between theory and applied science.
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Predictions of future threats to bindiversity however remain a difficult task, This study has
highlighled, wilh respect o invasive species, the importance of plant-cnvirenment interactions. but
incorporating these interactions in modeiling is challenging {Chapter 3} Through the different
chapters, the scale-dependence of the results became clearer. For example, conservation value was
hipher at [iner-scale than the oue derived from broad-scale, This could Imply thar repional
conservation plans fail 1o idenlify fine-scale priority-areas, especially in fragmented and diverse
habitats (Chapter 6).

Novel medelling approaches are therefore reguired to predict the impact and the directions of
future threats lo biodiversity ar multiple scales. Such approaches should include interaclions between

species dynamics and land usc and should caplure the spatial structure of landscape.
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