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ABSTRACT

Alien plant invasions and human-induced land transformations are the two most important factors
contributing to loss of biodiversity, ari¢hromolaena odorata (C. odorata) is one of the world’s

worst invader plants. It impacts negatively on biodiversity conservation, forestry and agriculture
due to its rapid rate of spread, fast growth and hence an ability to transform habitats. It was
introduced into KwaZulu-Natal, South Africa in the mid-1940s, and has spread north and
southwards along the coastline and adjacent interior. In 1961 it was observed in Hluhluwe Game
Reserve, and has invaded and transformed large parts. In this thes{s bdseata distribution

maps from 1978 to 2001 to investigate invasion pathways, and whether these are related to
species or habitat characteristics. Invasion in the twelve vegetation types identified in the Reserve
showed two patterns. In some vegetation types invasion expanded linearly, while in others there
were three phases of invasion, driven by interactions between habitat suitability, habitat
fragmentation and propagule pressure. Expansion of existing invasions (phalanx or wave
invasion) through short distance seed dispersal was the primary mode of spread, rather than the
formation of new infestations (guerrilla or diffuse invasion). Known distribution of dense stands
was used to develop a spectral signature and run a supervised classification of satellitd images
utilized the dense stands and other GIS data sets of climate, altitude, solar radiation, distance from
roads, distance from rivers and normalized differential vegetation index from 1973 and 2001 to
determine a probability model, and assess the impact of the invasion on biodiversity conservation.
The supervised classification underestimated the extent of the invas@mdmsata is a cryptic
understory species in some habitats. Supplementation by using multiple regression to develop a
probability model, and combining these into one map provided a realistic result. | used this map
and GIS data sets of vegetation types and protected areas to assess the impact of the invasion on
biodiversity conservation. This showed ti@at odorata was preferentially impacting sensitive
areas, and the conservation of threatened vegetation types is not guaranteed by including them in
protected areas.
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CHAPTER 1: INTRODUCTION

O. Howison

The publication of the book “The ecology of invasions by plants and animals” by Charles S.
Elton in 1958 started the systematic study of biological invasions (Richardson & PySek 2008),
and invasion ecology is now a recognized branch of ecology (Biaalis2001). Research into
biological invasions received further stimulation with the inception of the SCOPE program in the
1980s (Mooney & Drake 1989). This program identified three directions for research, namely
which species invade, which habitats are invaded and what are the best management practices
(Mooney & Drake 1989; Richardson & PySek 2006).

Many studies have been undertaken to identify or predict which alien plants may become
invasive. PySek (1998) categorized alien flora from 26 regions according to higher taxonomic
classes and found that the most represented families in the world alien floras are Poaceae,
Asteraceae, Fabaceae and Cruciferae. The first two were the only families represented among the
alien floras in all 26 regions (PySek 1998). Species traits are also important determinants of
invasion success. Bryson and Carter (2004) list 31 biological and ecological characteristics that
promote invasiveness, although only a few of these may play a role in any particular invasion
(Rejmanek & Richardson 1996). Characteristics common to successful colonists across taxa
include r-selected life histories (use of pioneer habit, short generation time, high fecundity and
high growth rates), the ability to shift between r- and K- selected strategies éSakaD01), the
ability to undertake and withstand long-distance dispersal (Richardson & PySek 2006),
phenotypic plasticity (Richardson & PySek 2006; 2bel. 2009), and a wide geographic latitude
(Williamson & Fitter 1996).

It has been difficult to predict which species become invasive based on these traits, as many alien
plant species with these traits do not become invasive (Noble 1989). There is also often a time lag
between the introduction of a species to a new area and when it starts spreading exponentially,
which can exceed one hundred years (Cet@y. 2008; Macket al. 2000; PySelet al. 2005).

Some of the reasons for this time lag include the size of the introduced population, dynamics of
reproduction, the need to acclimatize/adapt to the new environment, and the need to develop
mutualistic relationships, for example pollination and seed dispersal (Bryson & Carter 2004;
Richardsoret al. 2000).

Habitat characteristics can also determine the degree of susceptibility to invasion, although

finding traits associated with invasiveness have been difficult (Adpalt 2000; Lonsdale 1999).

One reason for this is that, to determine habitat susceptibility, the total number of exotic species
introduced needs to be known, but this is rarely the case, as species may be introduced but fail to
establish (Lonsdale 1999). Elton (1958) proposed that more diverse habitats should be resistant to
invasion, as all niches in diverse habitats would be occupied and all resources monopolized,
however subsequent studies have both supported and refuted this theory (Sebhlga006).

At small scales (plots from 0.0£rto 1000m) species rich communities are driven by

competitive interactions and are less susceptible to invasion than species poor communities,
which are predominantly driven by immigration processes (Brown & Peet 2003; Keztrabdy

2002). With larger scale studies (landscape scale) environmental heterogeneity increases, thereby
providing more niches for both indigenous and exotic species (Daab2005; Deutschewitz

et al. 2003), and this is likely to positively influence the establishment and growth of alien species
where propagules are available (Stohlgeeai. 2006). As a result, there is a positive relationship



between increasing spatial scale and both indigenous and alien species richness (€halbrerie
2008; Stohlgremt al. 1999), but this relationship may also be complicated by the level of
landscape and habitat fragmentation, which is another factor that can either facilitate (Le Maitre
et al. 2004) or preclude (Brothers & Spingarn 1992; Janzen 1983; Lonsdale 1993) invasion.

Apart from species and habitat traits there are a number of other factors that influence
invasiveness. One of the most robust generalizations is that the probability of invasion increases
with the time since introduction (Mullerowal. 2005; PySek & Jarosik 2005; Richardson &

PySek 2006; Wilsomt al. 2007). Increased residence time improves the probability of
naturalization, overcoming lag phases (Wilsbal. 2007), development of mutualistic relations
(Richardsoret al. 2000), increase the size of the propagule bank, thereby increasing the
probability of dispersal and establishment of new populations (Richardson & PySek 2006) and
increased impacts on the communities or habitats being invaded (€dlie2002). Increased
residence time also allows exotic species to make use of stochastic factors such as disturbance
regimes (for example excavations, flooding and fire) and rainfall variability to trigger invasion
(Daviset al. 2000; Liuet al. 2005; Pauchare al. 2004; Richardsost al. 2007; Richardsost al.
2006), although these are not always required (Laasaln 2001).

Understanding the causes and mechanisms of a specific alien plant invasion hold the key to
successfully managing the invasion (Sheley & Krueger-Mangold 2003). The most effective way
to prevent alien plant invasions would be to prevent their introduction (Hobbs & Humphries

1995; Le Maitreet al. 2004), however this is difficult to achieve as it is not easy to predict which
plants are most likely to become invasive (Radoseatieh 2003). The next best option for

controlling invasive alien plants is complete eradication, however this has rarely been achieved
(Macket al. 2000; Simberloff 2003), leaving density reduction to an acceptable level as the only
available management option (Magtkal. 2000; Simberloff 2003). Chemical (herbicide),

mechanical and biological control or combinations of these are the most widely used methods for
controlling alien plants (Hobbs & Humphries 1995; Matkl. 2000; Simberloff 2003),

however, due to high cost and impacts of these methods on ecosystems (Hobbs & Humphries
1995), holistic ecosystem management has been proposed as the most effective form of
management to reduce or eliminate some invasive species (Hobbs & Humphries 1995; Huston
2004; Sheley & Krueger-Mangold 2003). To implement this, the changes in ecosystem structure
or process that allow the initiation or intensification of weed invasion have to be addressed before
effective weed control can be achieved (Hobbs & Humphries 1995). If ecosystem structure and
function have been altered sufficiently by invading species, controlling the invader will not
necessarily restore the ecosystem to its pre-invasion state and there may be a need for active
restoration (Hobbs & Humphries 1995).

Investigations into the mechanisms of invasion by alien plants and the ecological impacts on
habitats and ecosystems are required to identify the most effective control programme. Such
investigations have used two fundamental approaches: manipulative experiments and natural
experiments (Richardsa al. 2004). There is a growing trend to study plant invasions at larger
spatial and temporal scales, where manipulative experiments are not feasible, leaving natural
experiments as the preferred option to find generalities in invasion ecology (Brundu 2005).

To investigate invasions at these larger spatial and temporal scales using natural experiments,
methodologies using spatial tools such as Geographic Information Systems (GIS), remote
sensing, mathematical modeling and associated decision support systems and databases are
increasingly accepted (Dark 2004; Higgetsl. 1999; Joshi 2006; Thuillezt al. 2005). Since the
1970s there has been considerable development of remote sensing, GIS and modeling tools to
map invasive alien plant distribution (Joshi 2006). Initially, remote sensing was used to map the



distribution of invasive alien species that were dominant in the upper canopy as these are easily
detected (Joshi 2006). However, many of the most invasive alien plants are not dominant in the
uppermost canopy, and mapping these species was not possible using supervised classification of
remotely sensed images (Joshi 2006). This led to the development of a wide range of methods
using GIS and modeling tools to map potential and actual invasive alien plant invasions, and
these tools are useful in determining patterns of invasion as well as environmental and/or habitat
factors allowing or hindering invasion (Dark 2004; Higgghal. 1999). These models can be
expanded to a wider spatial scale, to determine where the plant has the potential to invade (Dark
2004; Higginset al. 1999). GIS and statistical tools are also available to determine the level of
accuracy of distribution maps derived in this way (Congalton 1991).

Research that has been undertaken using these methodologies include assessing distributions,
(spatial and temporal), data transfer, sharing and comparison, landscape-scale studies, spatial,
retrospective and geostatistical analyses, and early detection (Brundu 2005). This has become
possible through reduced costs, increasing level of skills in the scientific community, public
administration and stakeholders, and the need to exchange data (Brundu 2005; Richardson &
PySek 2008).

Natural experiments can be used to determine the variables that cause an alien plant to become
invasive (Higginst al. 1999), and these variables may be related to the environment being
invaded and characteristics of the invading plant (Higgins & Richardson 1996). Environmental
variables may include climatic suitability (Kriticesal. 2005) and resource availability, for

example nutrient, moisture and space availability (Higgins & Richardson 1996). Species
variables, for example short juvenile period, short interval between large seed crops and small
seed size, have been documented to facilitate invasion (Rejmanek & Richardson 1996).

Given a certain environment and the introduction of an invasive alien species, the invasion can
occur spatially in one of two ways. Doust (1981) defined the terms phalanx and guerilla invasion
to describe two forms of clonal growth used by vegetative spreading plants to invade or colonise
new areas. Phalanx invasion occurs when internode intervals are short, there is high intraspecific
contact between ramets and the plant spreads relatively slowly along a continuous front, while
guerilla invasion occurs when internode intervals are long, there is little contact between ramets
and high interspecific contact (Doust 1981; Schmid & Harper 1985). This is made possible
through plasticity of the invading plant (Barneyal. 2005; PySelet al. 2003), and allows the

invader to spread through patches of unfavourable habitat relatively quickly, and then colonise
patches of more suitable habitat once these are reached (Ye 2006). The terms have also been
used to describe invasion by seed producing plants, with phalanx invasion occurring when most
seeds fall below or within a short distance of the parent plant and the invasion spreads along a
continuous front (Lonsdale 1993), while guerilla invasion occurs through the establishment of
new individuals away from existing infestations through long distance dispersal of propagules
(Cannastt al. 2003). Guerilla invasion may be a tactic to pass through habitats that are unsuitable
or marginal for invasion (Amsbegt al. 2000; Doust 1981), or it may be a tactic to initiate new
invasion foci for further phalanx invasion (Moody & Mack 1988).

After the extent or potential extent of an invasion has been established, GIS is a useful tool to
assess the impacts of invasion. Documented impacts include major land transformations and
subsequent loss of species diversity (Metcd. 2000), changes in species structure and
composition within communities (Colliet al. 2002; Vitouselet al. 1997), habitat

simplification, with a loss of biodiversity among plants, animals and birds (PinetataR001;
Stohlgren 2002), changes in fire regimes (MacDonald 1983; Van Wilgen & Richardson 1985),
and changes in the hydrology of ecosystems (Le Metitse 1996). Alien plant invasions also



have indirect consequences, through loss of productivity of ecosystems and the cost of managing
invasions (Le Maitrest al. 1996; Macket al. 2000; Pimentaét al. 2001).

These potential impacts are important when planning biodiversity conservation strategies as
management strategies need to be planned in accordance with the severity of the invasion and the
impact on biodiversity conservation goals (Fragest. 2003; Richardsost al. 1996)

In this thesis we use GIS, remote sensing tooldamgistic regression to study an example of
invasion by an invasive alien plant, and discuss the invasion in terms of current alien plant
invasion ecological theory.

Species Description and Ecology

Chromolaena odorata (L.) R.M King & H. Robinson (Eupatorium odoratum L, Asteraceae).
odorata) occurs naturally from Central America to the southern part of North America and the
Caribbean islands (McFadyen & Skarrat 1996; Von Seetgégr 2002). World-wide, it is one of

the worst invader plants (Anon 2004) and its invasion throughout many tropical and sub-tropical
countries has been well documented (Azmi 2000; Bamba 2000; De Rouw 1991; Ktitkos

2005; McFadyen 2000; McFadyen & Skarrat 1996; Osiiph 2000; Von Sengeat al. 2002;
Waterhouse & Zeimer 2002; Zacharides & Goodall 2000). In South Africa it was introduced
through Durban harbour in the 1940s, and since spread north and southwards along the coastline
(Goodall & Erasmus 1996). The form found in KwaZulu-Natal is different from the forms
invasive elsewhere in the world, and appears to be most similar to a form found in Jamaica (Von
Sengeteet al. 2002).

Chromolaena. odorata has a considerable morphological variation over its wide natural range
(Von Sengeet al. 2002). In accordance with characteristics of successful alien plant invaders,
odorata exhibits a short juvenile period, a short interval between large seed crops and small seed
size (Rejmanek & Richardson 1996; Witkowski & Wilson 2001), and is able to produce seed
apomictically, allowing invasion to be initiated by a single plant (Luwum 2002; Rambuda &
Johnson 2004). In some parts of the world, for example Laos, it is used as a fallow crop in slash
and burn agricultural systems (Ro&eal. 1995), but in most places where it has invaded it

shows maost, if not all, of the previously mentioned negative effects of invasive alien plants.

In our study area, C. odoratenvades a number of different vegetation types (Goodall & Erasmus
1996), and its growth form varies depending on exposure to sunlight (Figure 1.1). In forest

margins and gaps, where sunlight is lower and less intense, it grows as a creeper on adjacent trees
and shrubs, leaves are larger and leaf nodes are further apart (Figure 1.1 (A) and (C)), while in

full sunlight it grows as a multi-stemmed shrub up to 1.5 meters high, which is high enough to

form a dominant canopy in grass dominated vegetation types (Figure 1.1 (B) and (D)). Similar
plasticity has also been found by Barney et al. (2005), when studybegisia vulgaris.

The standard method for C. odorata seed dispersal is by wind, for which it is morphologically
adapted (Erasmus 1985; MacDonald & Frame 1988). Blackmore (1998) reports that most C.
odorata wind dispersed seeds falls within 80 m of the parent plant, indicating that the main
invasion mode should be through phalanx invasion. However, work by Higgins et al. (2003)
argue that long-distance dispersal by non-standard means (i.e. dispersal methods for which the
seed or propagule is not morphologically adapted) cannot be discounted. In the case of C.



odorata, numerous non-standard means of dispersal, such as ectozoochory (Gautier 1992;
McFadyen 2000; Witkowski 2001), hydrochory (Orapal. 2000) and vehicles (Blackmore
1998; McFadyen 2000; Oraphal. 2000), have been documented and thus the potential of
guerilla invasion cannot be discounted.

Figure 1.1: Comparison of stems, leaves and growth forms from invasions in different
vegetation types: (A) Stem from a forest margin, showing long internodes and dark
green leaves;

(B) Stem growing in full sun, showing lighter green leaves and shorter internodes;

(C) Creeper growth form with cryptic canopy as seen in forest margins and gaps;

(D) Multi-stemmed shrub 1.5 m tall with dominant canopy in grass dominated vegetation
types (Photographs: O. Howison)

Study site

The study site is the Hluhluwe Game Reserve which is situated in the eastern seaboard of
KwaZulu-Natal, South Africa (2906’ 08”S and 3204’ 04”E), and is the northern 260 kwof the

larger 900 krh Hluhluwe-iMofolzi Park (Figure 2.1), internationally renowned for its

conservation of blackXiceros bicornis minor) and white rhinoCeratotherium ssmum) and,

more recently, African wild dogd.ycaon pictus) and other large mammals, birds and reptiles
(Conwayet al. 2001). We chose this study slitecause occupation and spreadbgdorata in

Hluhluwe Game Reserve has been well documented through mapping exercises that were carried
out at regular intervals (Howison 1998, 2001), which allows the use of Geographic Information
Systems (GIS) to study the progress of the invasion and interactions with vegetation types.

These distribution data were then used in the second part of our study to map the distribution of
C. odorata both inside and outside Hluhluwe Game Reserve. We used the distribution data from
the reserve to develop a spectral signature for C. odaathmapped its distribution using a
supervised classification of a LandSat image. We also used the distribution in Hluhluwe Game
Reserve and other factors that may inhibit or facilitate invasion to develop a distribution model
using multiple logistic regression, and then applying this model to surrounding areas, as covered
by LandSat 7 Path 167 Row 80 (Figure 3.1). This extended study site is also important due to the
presence of the Greater St. Lucia Wetland Park, an international RAMSAR site (Anon 2009). In
addition to the proclaimed reserves, the study site is important for ecotourism and thriving



forestry and farming enterprises. The high demand for land has placed a high conservation value
on untransformed land (Anon 2007).

Overall aims and objectives

This study has two main chapters, both written as papers for publication. The aim of Chapter 2
was to use historical maps ©f odorata distribution and GIS data sets of vegetation types and
precipitation, to determine whether invasion is driven primarily by species traits, environmental
factors (for example habitat suitability, rainfall) or a combination of both. We also investigate
whether the primary mode of dispersal was through phalanx (wave), or guerilla (diffuse)
invasion. This work was presented by the first author at'tf@o8ference of the Ecology and
Management of Alien Plants (EMAPI9) in Perth, Australia, 17 — 21 September 2007, and has
been submitted to Biological Invasions for publication.

In Chapter 3 we investigated the potential of using supervised classification of a remotely sensed
image and multiple logistic regression to map the distribution of C. od@natbhtested the

accuracy of the supervised classification and logistic regression map by calculating a kappa
statistic, error matrices and accuracy assessments using distribution data collected from
independent sampling points throughout the study area (Congalton 1991; Monserud & Leemans
1992) We then overlaid the distribution obtained through remote sensing on the distribution
determined through statistical modeling to present one combined distribution map with two
classes: C. odoratgresent or C. odorataot present, and tested the accuracy of this map against
the distribution from the independently sampled points.

Once the extent of C. odoratimfestations was established, we used existing data sets identifying
priority areas for conservation (Anon 2007), and vegetation types from Mei@h&006) to

assess whether areas important for biodiversity conservation were being invaded. This enabled a
discussion on whether conservation areas are providing adequate protection, whether invasion is
equal across all vegetation types or whether some vegetation types are preferentially invaded.
This work was presented by the first author at tféQénference of the Ecology and

Management of Alien Plants (EMAPI10) in Stellenbosch, South Africa, 23 — 29 August 2009.

In the final chapter we discuss the implications and broader relevance of the results in terms of
current understanding of alien plant invasions, managing these invasions and opportunities for
future research.

The contribution of the first author to the chapters is detailed in the declaration on page iii.
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CHAPTER 2: LESSONS FROM THE INVASION OF A DIVERSE AFRICAN
SAVANNA RESERVE BY THE ALIEN PLANT CHROMOLAENA ODORATA:
THE INTERACTION OF HABITAT SUITABILITY AND DISPERSAL

O. Howison, R. Slotow, H. OIff

ABSTRACT

Chromolaena odorata is a highly invasive alien plant, threatening biodiversity in many tropical

and sub-tropical regions of the world, including African savannas. This fast-growing, easily
dispersed species with high production of small seeds is currently the target of one of the largest
alien plant control programmes in the world. In South Africa, the Hluhluwe-iMfolozi Park is a

key savanna conservation area with high biodiversity and a number of endangered plant and
animal species. This Park is currently threatened by this invasion, and effective long-term control
strategies will require a deeper understanding of the invasion process. Periodic mapping between
1978 and 2001 of the progress of the invasion allowed us to relate the invasion to the spatial
arrangement of vegetation types, which are highly fragmented due to the natural interaction of
topography and fire. Initiall{. odorata invaded certain vegetation types that were more

susceptible to invasion, but, with time, invasion rate diminished in these vegetation types and
kept spreading in vegetation types that were initially less susceptible to invasion. Invasion into
these latter vegetation types was facilitated through propagule pressure, which increased as the
invasion spread in the adjacent susceptible vegetation types. It spread through these
comparatively resistant vegetation types and reached remaining patches of susceptible vegetation
types that were protected through fragmentation by a matrix of vegetation types that were initially
resistant to invasion. Understanding these interactions between susceptible vegetation types,
propagule pressure and habitat fragmentation that drive invasions provide improved knowledge
for managing this invasion.

KEYWORDS

Hluhluwe Game Reserve; invasion dynamics; invasion theories; patch cohesion; propagule
pressure.
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INTRODUCTION

Invasive alien species, together with global warming and land-use change, are the most important
causes of human induced global change (Maek 2000). These invasions can effect the

species structure and composition within communities (Ceallial. 2002; Vitouselet al. 1997),

simplify habitats leading to concomitant loss of biodiversity among plants, animals and birds
(Pimentalet al. 2001; Stohlgren 2002), change fire regimes (MacDonald 1983; Van Wilgen &
Richardson 1985), and negatively impact upon the hydrology of ecosystems (Ledvilitre

1996). These effects have both direct and indirect financial impacts, both through the loss of
productivity and through the cost of clearing invasive alien plants (Le Mh#fe1996; Macket

al. 2000; Pimentadt al. 2001).

Theories on alien plant invasions can be divided into two broad categories. Rejmanek and
Richardson (1996) propose that the characteristics of invasive alien plants allow them to become
invasive, for example high seed production, short interval between episodes of high seed
production and short juvenile period, while Stohlgren (2002) proposed that it is the characteristics
of habitats that make them susceptible to invasion, for example the inverse relationship between
diversity and invasion. These explanations and their interactions have been reviewed by
Richardson and Py3ek (2006), who conclude that both habitat characteristics and invasive species
characteristics can play a role in the invasion process. Research on the mechanisms whereby
invasive alien plants spread, and what determines both the rate and magnitude of spread is
required to effectively manage these invasions (Eal 1999; Sakaét al. 2001).

The mode of invasion may also vary, depending on species characteristics. The terms phalanx
and guerilla invasion were defined by Doust (1981) to describe two invasion patterns observed in
vegetatively spreading plants. Phalanx invasion occurs when internode intervals are short, there is
high intraspecific contact between ramets and the plant spreads relatively slowly along a
continuous front, while guerilla invasion occurs when internode intervals are long, there is little
contact between ramets and high interspecific contact (Doust 1981; Schmid & Harper 1985). This
is made possible through plasticity of the invading plant (Baghaly 2005; PySelet al. 2003),

and allows the invader to spread through patches of unfavourable habitat relatively quickly, and
then colonise patches of more suitable habitat once these are reached (Ye 2006) . For invasive
plants that spread through high seed production, if most of the seeds fall below or very close to
the parent plant, a population will spread into new territory as an advancing front (Lonsdale
1993) in a similar manner to the phalanx invasion through vegetative growth. On the other hand,
rare long-distance dispersal of propagules (e.g. through animal dispersal) may lead to the
establishment of new patches far away from existing invaded patches, resembling a guerilla
invasion process (Higgiret al. 1999)

To study the factors contributing to invasion and the interplay between the factors, it is important
that these invasion processes are documented from a very early stage (PySek & Jarosik 2005). In
most field studies of alien plant invasions such documentation is not readily available, and this
complicates studying the invasion processes and understanding interactions. Whatever species or
community properties facilitate or hinder invasion, the relatively long lag period from

introduction to when a species starts expanding exponentially, coupled to the lack of historical
distribution data for most alien plant invasions, is one of the key obstructions in the better
understanding of invasions (PySek & Hulme 2005). In many cases it may take more than 100
years between the dates of first introduction in an ecosystem to when a species is identified as
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being a problematic invader, and the key ecological processes that initially limited the invasion
may be in the past (Kowarik 1995; PySek & Jarosik 2005; PySek & Prach 1993).

An exceptionally well-documented invasion is the spread of the alien plant Chromolaena odorata
(L.) R.M King & H. Robinson (£upatorium odoratum L, Asteraceae) in the northern section of
Hluhluwe-iMfolozi Park (formerly Hluhluwe Game Reserve) in KwaZulu-Natal, South Africa.
Chromolaena odorata is listed on the global invasive species database as one of the world’s 100
most invasive plants (Anon 2004; Matthews & Brand 2004). Originally from South America and
the Caribbean islands, it has been introduced to West Africa (Ghana, Ivory Coast and Nigeria),
South Africa, India and other Asian countries, and the islands of the East Pacific (Phillipines,
Timor) and the east coast of Australia (McFadyen & Skarrat 1996). Within the African continent,
realized and potential climatic niche studies have shown that the invasion in West Africa could
spread extensively eastwards and southwards, while the South African invasion could spread to
East Africa, until the two invasion fronts finally meet up, thereby threatening the biodiversity of
the entire African savanna biome (Kriticgisal. 2005; McFadyen & Skarrat 1996). These

savannas are not only of high biodiversity importance, they also support subsistence and
commercial agriculture, and ecotourism opportunities which are an important source of revenue
(Milton et al. 2003; Turpie 2004). Analysing the invasion in Hluhluwe Game Reserve should lead
to improved understanding of the invasion process by C. odorata in African savannas, which may
enable the invasion to be managed more effectively on a wider geographical scale.

The invasion of Hluhluwe Game Reserve is the focus of our study as it has been well
documented, with periodic distribution mapped from the first identification of the species in the
study area in 1961. Few invasions have been mapped with the level of spatial and temporal
resolution from an early stage of invasion in tropical habitats. We used these spatially explicit
temporal progression maps to reconstruct the invasion, to improve understanding of the invasion
process. In particular we investigated the interactions between habitat properties (rainfall and
habitat structure), propagule pressure of the invading species and the spatial dynamics of the
invasion process (proximity to nearest infestation, phalanx invasion, guerilla invasion).

METHODS

Study site

The study area (2®6’ 08”S and 3204’ 04”E) is the northern section (260 Rrof Hluhluwe-

iMfolozi Park, a 900 krhgame reserve situated in northern KwaZulu-Natal, South Africa (Figure
2.1). Itis situated along a coastal escarpment, with a rugged terrain ranging from 80 — 600 metres
above sea level (Conwayal. 2001; Whately & Porter 1983). It is managed by the provincial
conservation authority, Ezemvelo KwaZulu-Natal Wildlife (EKZNW).

Precipitation, mostly received as thunderstorms between October and March, ranges from 650
mm.yr’ in the southern Umfolozi river basin and increases with altitude to 980 thim yre

northern upland forests (Balfour & Howison 2001; Brooks & MacDonald 1983). Mean minimum
temperature is £3C and mean maximum temperature i$ @5and temperature declines with
increasing altitude (Greyling & Huntley 1984). The long-term average rainfall of the study area
was extracted from a spatial interpolation of rainfall for South Africa (Figure 2.1 (B)) (S&hulze
al. 1997) and used to determine whether there was any relationship between average rainfall of
the various vegetation types and the progress of invasion for different vegetation types.
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The geology is varied, and dominated by sandstones, mudstones and shale’s, over which basalt
was locally deposited, but has been eroded away, leaving rich, fine textured black clay soils in
some areas (Downing 1980; King 1970). The varied climate, geology and topography have
resulted in a wide variety of soil types developing according to position in the landscape (Barrow
1986; Downing 1980). This in turn has lead to the development of a highly heterogeneous
assemblage of vegetation types (Whately & Porter 1983) with a high level of fragmentation
(Figure 2.1 (A), Figure 2.2 and Table 2.1).

Figure 2.1: The study site is a reserve with rugged topography and steep rainfall
gradient.

(A) Location of South Africa and relief of the study site;

(B) Location and rainfall of the study site, rainfall gradient from 600.1 — 900 mm.yr™.

Species description and impacts

C. odorata is a shrub with an extensive fibrous root system and leaves with aromatic compounds
(Ramakrishnan 1992), a prolific seed bearing ability and efficient seed dispersal mechanisms
(Witkowski & Wilson 2001). It occurs naturally over a wide area of the tropical and sub-tropical
Americas, from southern Florida to Northwest Argentina, as well as several Caribbean islands,
and is most common in cleared or secondary forest below 1 500 — 1 000 metres and receiving
over 1 500 mm rain.yf (McFadyen 1991). It is often associated with disturbances such as
construction sites, road and railway servitudes and abandoned fields and pastures (McFadyen
1991).
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Blackmore (1998) found 99% of seed is wind dispersed and falls directly below the plant, and
that the maximum wind dispersal distance was 80m. With its fast growth rate and lack of natural
enemies outside its native range (Keane & Crawley 2002), C. odorata is able to form dense,
impenetrable thickets very quickly in a wide variety of habitats. In addition, sufficient seeds
remain viable in the seed bank for over 10 months to ensure rapid re-invasion if control work is
not followed up (Witkowski & Wilson 2001).

Germination of seeds is prompted by soil disturbances such as clearing activities, fire or other
natural disturbances such as flooding of rivers and watercourses (O. Howison, pers. obs.). It also
has a fast rate of growth, up to 20 mm:hgve been recorded (Luwum 2002) and varied

growth form ranging from individual shrubs, through dense stands to a vine-like architecture that
climbs other shrubs and trees (O. Howison, pers. obs.).

Invasion by C. odorata alters the composition, structure and diversity of the natural vegetation
(Goodall & Erasmus 1995). It also impairs grazing and browsing opportunities for large

herbivores in nature reserves and rangelands (O. Howison, pers. obs.), is a problem for forestry
during establishment of plantations and adversely affects crops (Goodall & Erasmus 1995). It
also has a detrimental effect on crocodile nesting sites through shading, which reduces incubation
temperatures and subsequent failure of eggs to hatch or skewing the ratio of male : female
hatchlings, as crocodile sex is determined by incubation temperature (Leslie & Spotila 2001).

Regional invasion dynamics

C. odorata was introduced after World War Il through Durban Harbour on the eastern seaboard
of KwaZulu-Natal, South Africa, and spread rapidly north and south along the coastal region
(Erasmus 1988) (Figure 2.1). It was first identified in the study area in 1961, after which it
became well established by 1970 (Goodall & Erasmus 1996). Since then it is known to
have spread into Swaziland, Mpumalanga and Limpopo Province, and is also known to
occur along the northern KwaZulu-Natal border with Mozambique (Zacharides &
Goodall 2002).

Mapping theinvasion

Records from Hluhluwe Game Reserve indicate that C. odonvas identified and controlled at

four sites between 1961 and 1978 (Howison 1998, 2001; MacDonald 1978), thus indicating some
known locations from this time period. The first systematic mapping of C. odandtduhluwe

Game Reserveas in 1978, where the distribution©fodorata was mapped as the known

presence within a 0.25 Krgrid. There was no estimate of density within each grid cell. Mapping
was done by personnel surveying on foot and from vehicles, and recording the presence of
odorata per grid cell. Mapping of the spatial distribution using this method was undertaken in
1978, 1980, 1981, 1982, 1983, 1987, 1998 and 2001. There were gaps in the mapping sequence,
from 1983 to 1987 and 1987 and 1998. However, there were no sustained clearing operations
undertaken that could have had any impact on the spread of the infestation and it is unlikely to
have retreated from any area that it invaded during these periods (Ezemvelo KZN Wildlife
unpublished data), and therefore increased in extent from one mapping exercise to the next. Due
to the broken nature of the terrain in the study area and fragmented vegetation, not every grid cell
was searched exhaustively to such an extent that it could be declared free of C. odorata
Therefore these distribution maps indicate known presence. We used these data to calculate the
rate of invasion in the study area from 1978 — 2001. The relatively fast rate of the invasion (< 50
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years) and the good documentation of its spatio-temporal dynamics allow the study of the
invasion process from an early stage.

Vegetation types

We used the classification and mapping of woody plant communities present at the onset of the
invasion as our basic description of the habitats occurring in the study area. These were mapped
by Whately and Porter (1983) (Figure 2.2 and Table 2.1). They identified two forests, two

riverine forests, ten woodlands, one thicket and one induced thicket communities in Hluhluwe-
iMfolozi Park. Of these 16 communities, 12 occur in the study area (Hluhluwe Game Reserve). In
addition, two grassland communities and a 1@¢axia davyii thicket community were mapped,

but not described (Whately & Porter 1983).

The forests are distributed in the northern and south western parts of the study area, riverine
forests along the major rivers and watercourses and the rest of the study area is a complex matrix
of broadleaved and fine leaved woodlands and thickets. The forests occur in two main regions
within the study area that have a higher average rainfall (Figure 2.1 (B) and Figure 2.2), while the
remaining vegetation types may be found across a wide rainfall gradient.

To test the hypothesis that these vegetation types are highly fragmented, we calculated a relative
patch cohesion index for each vegetation type, according to the method described by Schumaker
(1996). This index ranges from 0 to 1, with higher values indicating greater cohesion, i.e. less
fragmentation (Schumaker 1996), and was done to determine whether fragmentation of
vegetation types is important in determining invasion patterns.

Data analysis

To study the progression and mechanisms of the invasion, we identified the year in which each
0.25 knf cell was invaded. From this we calculated, for each mapping exercise (1978, 1980,
1981, 1982, 1983, 1987, 1998 and 2001) the number of cells that were newly invaded, the
cumulative number of cells invaded and, by subtraction, the number of cells clear of C. odorata
The clear cells that were adjacent to invaded cells were identified, and, of these, the cells that
became invaded by the next mapping exercise were identified as expansion of existing
infestations through phalanx invasion. The number of cells not adjacent to existing infestations
was calculated through subtraction, and the number of these that were invaded by the next
mapping exercise was identified as expansion through guerilla invasion.

We used the proportion of adjacent cells to the total number of uninvaded cells in the previous
mapping event multiplied by the number of newly invaded cells in the current mapping event to
generate expected values for phalanx invasion. Similarly, we used the proportion of discrete cells
to the total number of uninvaded cells in the previous mapping event multiplied by the number of
newly invaded cells in the current mapping event to generate expected values for guerilla



18

Figure 2.2: Vegetation types of Hluhluwe Game Reserve

invasion. We used a chi-square test to determine whether C. odorata invaded through phalanx or
guerilla invasion (see Figure 2.3 and Appendix 2.1).

We used ArcGIS 8.x to intersect the year in which each cell was known to be invaded with the
vegetation map, and used this to calculate the cumulative area (in ha) of each vegetation type that
was invaded over time, from 1978 to 2001. We assumed that all vegetation types present in the
cell were invaded. This allowed us to determine whether invasion occurred at a similar rate in all
vegetation types or whether progression of the invasion differed between vegetation types, and
whether the rate of invasion was constant within each vegetation type.
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Zonal statistics in ArcGIS 8.3 (overlay of polygons on rasters) were performed to calculate the
average altitude, aspect and rainfall of each vegetation type (Figure 2.2), to test if any of these
factors influenced the invasion, using regression statistics. The average altitude was calculated
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Number of cells invaded in year x (3)

Cells adjacent to existing infestations in year x (20)

Cells adjacent to existing infestations in year x that were invaded through phalanx invasion in year x + 1 (2)
Cells invaded in year x + 1 through phalanx invasion (2)

Cells invaded in year x + 1 through guerilla invasion (3)

Cells adjacent to existing infestations in year x + 1 (23)

Figure 2.3: Calculating the data matrix (Appendix 2.1). In this illustration, three cells
were invaded in year x, and there were 20 cells adjacent to the existing infestation. In
year x + 1 a further 7 cells became invaded, four through phalanx invasion and three
through guerilla invasion, and there are now 23 cells adjacent to existing infestations and
13 discrete cells that are not yet invaded.

from a digital elevation model (DEM) of KwaZulu-Natal that was developed by KZN

Department of Agriculture and Environment Natural Resources Section using 20m contours from
the South African 1: 50 000 topo-cadastral map series and spot heights. This DEM was used to
calculate an aspect map of the study area, which was used to calculate the average aspect of each
vegetation type. The average rainfall for each vegetation type was calculated from &ddulze

(1997).

RESULTS

Patch cohesion index

Only two vegetation types have a patch cohesion (PC) greater than 0.5, namely the Ficus
sycamorus/ Schotia brachypetala Riverine Forests (0.92) and the Celtis africana/Harpephyllum
caffrum Forests (0.56), an indication of the high level of fragmentation of most vegetation types.
The patch cohesion index for each vegetation type is presented in Table 2.1.
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Spatial invasion dynamics

The percentage area invaded by C. odorataoss all vegetation types in the study area increased
from 5% in 1978 to 73% in 2001, an average increase of 5% per year (Figure 2.4). This
continuous progression of the invasion took place despite the relatively high fragmentation of
most vegetation types (Figures 2.1 (A), Figure 2.2 and Table 2.1). The largest infestation in 1978
occurred in an area of high rainfall in the study area (Figure 2.1 and Figure 2.5).

Parcantaga Cumulativa Invasien
a

0 7 7
1975 1980 1985 1990 1985 2000 2005
Year

Figure 2.4: Rate of invasion over time within the study site, showing a linear regression,
Multiple Regression, r> = 0.9784, p < 0.001, y = -5531.91 + 2.7979x. The solid line
indicates the regression, the dotted lines indicate the 95% confidence interval.

Despite this continuous expansion, the invasion proceeded in one of two ways, depending on
vegetation community (Figure 2.6). For @dtis/Harpephyllum and CeltigEuclea forests,

Acacia caffra thickets, Combretum woodlands, the Themeda triandra and Sporobolus/Cyperus
grasslands and the Acacia karroo woodlands, the invasion took place in a stepwise fashion (S
invasion curve in Table 2.1), characterized by a rapid invasion from 1978 to 1983, followed by a
much slower rate of invasion between 1983 to 1998, and another rapid expansion from 1998 to
2001. We used this pattern to define three phases of invasion: 1978 to 1983 as Phase 1, 1983 —
1998 as Phase 2 and 1998 — 2001 as Phase 3 (Figure 2.6). The vegetation types with the stepwise
invasion pattern are mostly in the northern parts of the study area, with isolated patches in the
south-west and south (Figure 2.7). In contrast, the remaining communities showed a simpler
nvasion expansion, similar to the linear pattern in Figure 2.4. The results of fitting equations to
these data are presented in Tables 2.1 and 2.2, and for the vegetation types with the stepwise
invasion pattern, the best fit was"a@der polynomial equation. With the exception of the
Spirostachys africana woodlands, the best regression fit was'ar2™ order polynomial

equation for the remaining vegetation types. $hieostachys africana woodlands are an

exception to these patterns. The best fit for them wibader polynomial equation, but the



Table 2.1: Structural form, vegetation code, dominant species and observed shape of

invasion curve (see Figure 2.6) of the vegetation communities of the study area

21

Average rate

Vegetation Domi t Speci Sp. of invasion C Phatc_h Curve  Polynomial
community ominant species Code 1978 - 1983 ohesion Type order
(Percentage) Index
Forest Celtis africana /Euclea C/IE 7.72 0.123 S 3
racemosa
Forest Celtis africana / C/H 7.43 0.560 S 3
Harpephyllum caffrum
Riverine forest Ficus sycamorus / FIS 4.44 0.920 L 2
Schotia brachypetala
Riverine forest  Spirostachys africana / S/IE 0.92 0.219 L 2
Euclea racemosa
Broadleaf Euclea divinorum ED 2.64 0.126 L 2
woodlands
Broadleaf Combretum molle CM 7.47 0.166 S 3
woodlands
Broadleaf Spirostachys africana SA 2.19 0.038 L 3
woodlands
Fine leaf Acacia caffra Ac 7.24 0.129 S 3
thicket
Fine leaf Acacia karroo / Ak/Dc 2.10 0.124 L 2
thicket Dichrostachys cinerea
Fine leaf Acacia burkeii Ab 1.77 0.053 L 2
woodlands
Fine leaf Acacia karroo Ak 3.77 0.134 S 3
woodlands
Fine leaf Acacia nilotica An 2.40 0.168 L 2
woodlands
Grasslands Sporobolus africana / S/IC 7.72 0.259 S 3
Cyperus textiles
Grasslands Themeda triandra Tt 3.76 0.102 S 3

Note: The Sp. Code column is an abbreviation for the dominant species in Column 2 as
identified by Whately and Porter (1983), and is used in Figure 2.6 to relate items in the
Figure back to the relevant vegetation types. The average rate of invasion is an

indication of the rate of invasion in the first phase in each vegetation type. The Patch
Cohesion Index (PC) is an index of relative fragmentation (Schumaker 1996) ranging
from O to 1, with higher values indicating lower relative fragmentation (higher cohesion).
For Curve type, S denotes vegetation communities where there is a stepwise invasion
curve, and L indicates a more linear invasion curve, while the polynomial order indicates
the order of polynomial that best fits the invasion (Figure 2.6).

signs of the constants in the equation are opposite to the other vegetation types with the stepwise
invasion, indicating a very different pattern of invasion (Figure 2.6) . Sphestachys africana
woodlands were therefore not included as a vegetation type with a stepwise invasion curve. We
used the average percentage rate of invasion of the vegetation types in the first time period to
identify which vegetation types initially may have been more susceptible to invasion, and
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compared this to the curve type (shape of invasion progress) and the patch cohesion index (Figure
2.6). The average rate of invasion in the first time period was significantly higher for the

vegetation types with the stepwise curve than those with the linear curve (f; teét 179, p <

0.001), but there was no significant difference between the patch cohesion index means for the
two curve types (T testyt= 0.07, p < 0.95).

Figure 2.5: Invasion over time. The red shades indicate expansion in phase 1, the
yellow shades indicates expansion in phase 2 and the green shades indicate expansion
in phase 3. By comparing this figure with Figure 2.1 (B) it can be seen that the
infestations started in areas with comparatively high rainfall.
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Table 2.2: Formulae for the best regression for the relationships presented in Figure 2.6

Vegetation

code bo b.x b ,x? bsx® r?
C/H -198657828 299725 -150.700 0.03 0.99
C/E -198657828 299725 -150.700 0.03 0.99
S/E 382472. -387 0.098 0.99
F/S 146257 -151 0.039 0.99
Ak/Dc -4755 2.4 0.97
Ac -176660683 266472 -133.980 0.02 0.97
Tt -105644551 159468 -80.240 0.01 0.99
S/C -190064990 286502 -143.960 0.02 0.98
SA 58624924 -88218 44.250 -0.01 0.99
ED 365856 -371 0.094 0.99

CM -229099360 345607 -173.790 0.03 1
Ak -186858563 282033 -141.890 0.02 0.99
An 294064 -298 0.080 0.99

Ab 429888 -435 0.110 1

Continuous ver sus stepwise invasion dynamics

The type of dynamics (continuous vs. stepwise) was not significantly associated with vegetation
structure (grassland, thicket, woodland, forest) across communities (Table 2.1, Chi Square = 2.95,
df = 4, p = 0.57)). We then investigated whether the differential rate of expansion, leading to
stepwise invasion in some communities, was related to temporal variation in rainfall (wet vs dry
periods), using annual rainfall records from a weather station located in the north of the study
area (Hluhluwe Research Station). The three time periods (1978 — 1983, 1984 — 1998, 1999 —
2001) were not significantly different in their average annual rainfall (ANOVA¢#0.80, p =
0.46).Next, we explored whether spatial differences in invasion dynamics could be explained by
spatial variation in rainfall. The vegetation communities with the stepwise invasion are located in
the northern and south-western parts of the study area (Figure 2.7).



Figure 2.6: Differential rate of invasion as a percentage of each vegetation type over time, showing two types of invasion curves,
linear and stepwise. The title of each graph is a code indicating the vegetation type as listed in Table 2.1. Points indicate the
percentage of total invasion for each mapping event, while the lines represent the best polynomial fit. Formulae for each curve and r?

values for each graph are presented in Table 2.3.

144
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Figure 2.7: Distribution of different invasion dynamics in individual vegetation types

The rate of invasion d€. odorata during phase 1 (1978 - 1983) increased significantly with
increasing average rainfall for each vegetation community (Figure 2.8 (A)) (Multiple Regression,
F1 12=9.93,r=0.67, p = 0.0084). This relationship changed during the second phase of invasion
(1984 - 1998), with a significant negative relationship between the average rainfall of the
vegetation type and the area invaded during this period (Figure 2.8 (B)) (Multiple Regression,
F117~= 9.1, r =-0.66, p = 0.01). This indicated that the invasion expansion rate slowed down in
those communities where it was initially high, and remained the same or increased in those
communities where it was previously low. In the third phase of invasion (1998-2003) the pattern
switched again, and vegetation types which were initially susceptible to invasion were once again
preferentially invaded (Figure 2.8 (C), Multiple Regressian; £ 5.48, r = 0.56, p = 0.04).
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Figure 2.8: The influence of rainfall on invasion rate during different periods. Invasion
rate vs. average rainfall per vegetation type (A) 1998 — 2001 (Multiple Regression, Fy, 1>
=9.93, p = 0.008); (B) 1983 — 1998 (Multiple Regression, Fi,1,=9.06, p = 0.01); (C) 1978
— 1983 (Multiple Regression, F; 1, =5.48, p = 0.037). The solid lines indicate the best
regression fit, and the dotted lines the 95% confidence interval

By graphing the number of cells adjacent to existing infestations that were invaded each year as a
percentage of the number of cells adjacent to existing infestations in the previous year, and doing
the same for the discrete cells, we observed that there was always a higher probability for cells
adjacent to existing infestations to become invaded than discrete cells, i.e. cells not adjacent to
existing infestations (Figure 2.9 (A), Appendix 2.1). Cells that were adjacent to existing

infestation were significantly more at risk from invasion (Chi Square = 313,4, df = 6, p < 0.0001)
than cells that were discrete (not adjacent) from existing infestations (Chi Square = 215.1, df = 6,
p < 0.0001), through all phases. Further analysis by graphing the chi-square values shows that, in
a temporal context, the probability of cells adjacent to an existing invaded cell being invaded
increased dramatically during the second phase up to 1998, regardless of the vegetation type
within the area (Figure 2.9 (B)). This context-dependency was much lower in the first and third
phases.
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Figure 2.9: Assessment of the spatial dependence of the invasion process.

(A) percentage of cells of the study area invaded adjacent to existing invasions (phalanx,
circles) vs. percentage discrete cells (not adjacent to existing patches) that are invaded
(guerilla, squares).

(B): the change over time of the chi square value of observed versus expected invasion
(based on number of potential adjacent cells), the increasing chi square values
indicating that proximity to existing infestations became relatively more important
between 1983 and 1998.

DISCUSSION

Invasion of a habitat by an invasive alien plant is the result of complex interactions between the
habitat and the invasive species, and both are important in determining whether invasion will
occur (Richardson & PySek 2006) and the pattern of the invasion (Doust 1981; Lonsdale 1993,
1999). Most studies of alien plant invasions at a landscape level have few time series maps
showing the temporal expansion of the invasion ; there is generally a lack of high-resolution
spatio-temporal data (Rouggtal. 2004b) . Some authors have tried to reveal the temporal
component of an invasion by measuring tree rings (Hutchinson & Vankat 1997; Wangen &
Webster 2006), through literature searches (McKinney 2002) or herbarium records (Mihulka &
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PySek 2001) These methods are limited in their applicability, in the first case to woody tree
species with annual rings and a relatively long life span, in the second and third cases to areas
with a long history of research activities. Another method that has been used to identify past
patterns of invasion is through the use of remote sensing methods such as aerial photographs (de
Neergaardt al. 2005; Higginset al. 2001; Mulleroveet al. 2005). These can be useful where the
invasive species has a dominant canopy that can be easily identified from the surrounding
vegetation, but direct supervised classification of remotely sensed images is problematic for
invasive species such @sodorata that invade under existing canopies (Joshi 2006). Fixed point
photographs taken at regular time intervals may be of some use to determine rates of invasion at
specific points, but would be difficult to interpret at a landscape level, especially for a cryptic
species. For landscape level studies the most reliable source of information is regular mapping of
invasions at regular stages of the invasion process, something that has rarely been achieved
(Rougetet al. 2004a).

In our study area, regular mapping of the invasion demonstrated that C ostadtzd expanding

its range exponentially soon after its initial arrival in some communities, but not in others. This is
in contrast to other studies which show a considerable time lag, often over 100 years, between
introduction and the onset of exponential invasion (Crooks 2005; PySek & Hulme 2005). This
time lag may be related to the key traits of the invading species (Richa&a@oR000) and the

need to develop mutualistic relationships (pollination, seed dispersal, mycorrhyzal development)
locally before becoming invasive (Richardssal. 2000). C. odorata has characteristics, such as

a fast rate of growth, apomictic seed production (Luwum 2002), variety of seed dispersal
mechanisms and early seed production (Witkowski & Wilson 2001), that reduce or eliminate lag
periods between introductions, range expansion and invasion (Rejmanek & Richardson 1996).

Our results show that in the first phase of invasion (1978 — 1983), some, but not all, patches of
vegetation types susceptible to invasion were preferentially invaded. Due to the relatively
fragmented nature of most vegetation types, not all patches of susceptible vegetation types were
invaded. Some patches, buffered by a matrix of vegetation types less susceptible to invasion,
remained uninvaded. This buffering effect, an advantage of landscape fragmentation, has been
documented by other authors (Brothers & Spingarn 1992; Janzen 1983; Lonsdale 1993). In the
first two studies, the buffering effect was provided by alternative land uses such as agriculture,
while in the third study the buffer was provided by eucalypt savannas. In our study area there is
no indication that fragmentation affected susceptibility to invasion other than through isolating
patches of susceptible vegetation types.

While it could be argued that propagules were initially present in the susceptible vegetation types,
and hence expanded from there, the 1978 distribution map indicates that all vegetation types
except the Sporobolus/Cyperugrassland were represented in the cells that were invaded. Thus C.
odorata, with its efficient seed dispersal mechanisms, had the opportunity to spread in all
vegetation types. In reality, our analyses show that it selectively invaded some vegetation types in
Phase 1.

In the second phase of invasion (1984 — 1998), phalanx invasion by C. odorata occurred into the
vegetation matrix which was resistant to invasion in Phase 1. This was most likely due to the
effects of increased propagule pressure from the susceptible vegetation types, as shown by the
high susceptibility to invasion of cells adjacent to invaded cells during the second period. The rate
of invasion in the initially more susceptible vegetation types decreased as the invasion reached
the full extent of the patches where propagules were present in the first time period, and other
similar patches were still buffered by the matrix of less susceptible vegetation types. The
importance of propagule pressure as a mechanism for overcoming barriers to invasion has been
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highlighted by a number of authors (Alpetr@l. 2000; Brown & Peet 2003; D'Antona al.
2001; Foster 2001; Foxcradt al. 2004; Frenotkt al. 2001; Hutchinson & Vankat 1997; Lonsdale
1999; Rouget & Richardson 2003; Williamson 1999; Williamson & Fitter 1996).

In the third phase (1998 — 2001), invasion in the less susceptible matrix of vegetation types
progressed to such an extent that they no longer acted as a buffer for the remaining patches of
favourable habitat. Propagule pressure was such that C. odorata was able to invade communities
irrespective of rainfall. Patches of susceptible vegetation types that were previously buffered now
experienced an exponential increase in invasion.

Multiple lag phases of invasion in a single vegetation type have been documented by Wangen and
Webster (2006), who identified range expansion and population growth as separate phases of
invasion. Our study shows that time lags can vary in different vegetation types within one
management area.

Phase 1: Invasion of some
patches of susceptible
vegetation types isolated
from similar vegetation
types by a matrix of
vegetation types less
susceptible to invasion

Phase 2: Propagule
pressure from the patches
of vegetation types invaded
in Phase 1 drives invasion
into the matrix of less
susceptible vegetation
types. Some patches of
susceptible vegetation still
isolated from invasions

Phase 3: Invasion reaches
through the matrix and
invasion of patches of
susceptible communities that
were previously isolated
commences. Propagule
pressure continues to drive
invasion in the matrix of less
susceptible vegetation types.

Figure 2.10: Proposed schematic diagram of the mechanism of the invasion, indicating
invasion of some susceptible habitats in Phasel, followed by propagule driven invasion
into less susceptible communities in Phase 2, and then invasion of additional patches of
susceptible vegetation types in Phase 3.

We propose that the invasion dynamics of C. odoiigtaxplained by the interplay between
habitat suitability, habitat fragmentation and isolation, and propagule dispersal and pressure
(Figure 2.10). During the first invasion phase vegetation types with a higher average rainfall
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provided a more suitable habitat for invasion. As the invasion in these vegetation types
progressed, propagule pressure on the surrounding matrix increased, to the extent that this
propagule pressure was able to overcome inhibiting factors, for example low rainfall (Phase two).
When Phase two commenced, the invasion was able to disperse through the matrix of vegetation
types that were initially more resistant to invasion, and, in so doing, reached previously isolated
patches of vegetation types with a higher rainfall, whereupon the invasion in these vegetation
types increased exponentially (Phase 3). This is in accordance with the results of Rouget and
Richardson (2003), who found that distance to sites of initial invasion by four aliendpieties

in the Western Cape, South Africa, as a surrogate of propagule pressure, was a more important
determinant of invasion than other environmental variables considered in their study. Foster
(2001) and Foster and Tilman (2003) studied the impact of propagules on community structure
through sowing experiments, and came to the conclusion that community structure and species
composition may be strongly limited by propagule availability. Conversely, if propagules of a
single species are abundantly available, that species should have a competitive advantage
(DiVittorio et al. 2007). In the case of C. odorata, that advantage is enhanced by the fast rate of
growth and lack of natural enemies, resulting in a strong competitive ability (Keane & Crawley
2002; Luwum 2002; Wolfe 2002). Similarly, we also show that uninvaded areas close to existing
invasions have a much higher probability of being invaded at any stage of the invasion process.

Our study raises fundamental and applied questions with regard to invasive species. We found
that invasion in susceptible vegetation types increases propagule pressure which in turn pushes
invasion into adjacent vegetation types that are initially resistant to invasion. New modeling
studies on invasion dynamics may need to take such context-dependencies of the susceptibility of
communities into account.
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CHAPTER 3: USING REMOTE SENSING, LOGISTIC REGRESSION AND
GEOGRAPHIC INFORMATION SYSTEMS TO MAP INVASIVE ALIEN PLANTS
AND ASSESS IMPACTS ON BIODIVERSITY CONSERVATION: A STUDY ON
CHROMOLAENA ODORATA IN KWAZULU-NATAL, SOUTH AFRICA

O. Howison, R. Slotow, H. OIff

ABSTRACT

Since the advent of satellite imagery in 1972, there has been an increasing use of Geographic
Information Systems (GIS) and remote sensing to map the distribution of, and to assess the
effects of, invasive alien species. In KwaZulu-Natal, South Africa, the alienGiaotol aena

odorata is the worst threat to biodiversity in protected areas at this moment, but remote sensing
methods to map its distribution are not available yet for this region. In this paper we use a
supervised classification of a 2001 LandSat 7 image to detect Chromolaena odorata

northeastern KwaZulu-Natal, South Africa, and validated the method using ground-truthing. In
addition, we used data from Hluhluwe Game Reserve, where both the distribution of the species
was mapped on the ground and GIS layers of key environmental factors such as climatic
variables, distances from roads and rivers and normalized differential vegetation indices were
collected, to predict C. odorata occurrenfrem these variables using a multiple regression

model. This model was applied to regional maps of the predictive factors to obtain a map of the
expected distribution, which was ground-truthed. We then combined the supervised classification
and multiple regression model to produce one expected distribution map, and tested its accuracy
using ground-truthing. Once the likely distribution was established, we used a regional vegetation
map to assess the extenifodorata invasion in the twenty three vegetation types found in the
study area. Ten vegetation types were found to be preferentially invaded, of which seven were of
important conservation concern. Some of the most endangered vegetation types are being
conserved in formally protected areas, but this is no guarantee of successfully conserving
biodiversity, as our results illustrate that formally protected areas are prone to invasion. To fully
assess the extent and progression of the invasion, the distribution of C. odorata needs to be
assessed at the larger scale of southern Africa.

KEYWORDS

Climate matching, predictive modeling, invasive alien plants, Hluhluwe Game Reserve
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INTRODUCTION

Invasive alien plants have numerous impacts on natural and human-modified ecosystems,
including habitat simplification and loss of biodiversity (McKinney & Lockwood 1999), changes
in fuel loads and fire regimes (MacDonald 1983; Van Wilgen & Richardson 1985), and
hydrological changes (Le Maitaet al. 1996; Le Maitreet al. 2000). To prevent the arrival of

invasive alien plants would be the most effective way to preclude their negative impacts but,
where they have already been introduced, control actions (biological, chemical, mechanical) are
required (Higginst al. 1999).

Many authors describe the importance of disturbance, land use changes and fragmentation to
promote alien plant invasion (Alston & Richardson 2006; Brothers & Spingarn 1992; Chabrerie

et al. 2008; Didhanet al. 2007). However, protecting areas through inclusion in reserves does

not prevent invasion, as many factors that drive invasion outside reserves are present in reserves
through management practices or natural processes (Vila & Pujadas 2001). It is also recognized
that many forms of disturbance are required by plant communities and species for their
regeneration, and moderate frequencies or intensities of disturbance are required to maintain
maximum diversity, but these same disturbances may provide opportunities for alien plant
invasion (Hobbs & Huenneke 1992). This is a cause for concern, as the preservation of natural
areas are important for conserving biodiversity (Higgtred. 1999).

To assess and prioritise areas where control actions are needed, assessments of current and
potential distributions, as well as assessments of possible impacts are required (Joshi 2006). Prior
to 2000, few studies were undertaken at the landscape scale to assess current and future risks to
biodiversity (Whiteet al. 1997). More recently a number of studies have been undertaken using
remote sensing (Asnet al. 2008; Joshét al. 2006; Tsai & Chou 2006), and spatial modeling

(Dark 2004; Gillharret al. 2004; Higginset al. 1999; Robertsost al. 2004; Underwoodt al.

2004) to assess current and potential distribution of alien plants. Once the current and potential
distribution of invasive alien plants has been assessed, studies of impacts at a landscape scale can
also be undertaken (Dark 2004; Higgetsl. 1999; Underwooeét al. 2004).

Various methods have been developed to enable remote sensing and spatial modeling to
determine or predict alien plant distributions. When the target species is dominant in the canopy,
it is possible to map using standard remote sensing techniques (Bradley & Mustard 2005), or
hyperspectral imagery (Asnetral. 2008), however when the target species is nhot dominant in the
canopy, it becomes more difficult to identify (Joshi 2006). In such situations, spatial modeling

has been used to determine where an invasive alien plant is likely to occur. One of the first spatial
modeling techniques was CLIMEX, which has been used to perform climatic matching for both
animals and plants (Kriticag al. 2005; McFadyen & Skarrat 1996; Sutherst & Maywald 1985).

The development of new fine-scale climatic data sets and refined modeling tools has improved
the predictive power of this approach, but it has limitations that can appear as false positives and
false negatives (Guisan & Thuiller 2005). The former occurs when environmental variables other
than climate exclude the species, while false negatives occur if a species potential distribution has
not been fully realized (Thuilleat al. 2005). Since the development of CLIMEX, other methods

of spatial modeling have been developed, including multiple logistic regression (Higgins

1999), Genetic Algorithm for Rule-set Production (GARP) (Undervabatl 2004), Fuzzy

Envelope Model (FEM) (Robertsahal. 2004), Weed Susceptibility Prediction (WISP) (Gillham

et al. 2004) and spatial regression analysis (Dark 2004). These models may be poor in predicting
the presence of invasive alien plants outside natural vegetation as the predictor variables may not
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adequately model invasive alien plant distributions where there are changes in land use and
human-induced disturbances (Rougedl. 2004).

Some authors have explored the possibility of integrating remote sensing and spatial modeling
(Bradley & Mustard 2005; Rouget al. 2003). For example, Bradley and Mustard (2005) used
remote sensing to identify existing cheatgr&®rfus tectorum) infestations in northern Nevada,

and seven Geographic Information System (GIS) data sets (elevation, aspect, slope, distance to
hydrographic channel, cultivated areas, distance from roads, distance from power lines) and
previously invaded areas to run a multi-criteria evaluation (MCE) to identify areas that were at
risk of invasion.

In this study we mapped the distribution of the invasive alien plant Chromolaena odorata (L.)

R.M King & H. Robinson (=Eupatorium odoratum L, Asteraceae). It is a particularly difficult

plant to map, as it is a very adaptable plant and occurs in a variety of natural and altered habitats,
often in very remote or inhospitable terrain (Erasmus 1985, 1988; Goodall & Erasmus 1996;
Liggitt 1983). Distribution is affected by land use and land-cover. Luwum (2002) and Feleke
(2003) found that land that is being cropped intensively, mainly for sugaiSsoharum spp.)

has very little C. odoratapossibly due to land preparation before crop establishment, weed

control operations and competition from the crop, while land under commercial forestry is
managed to reduce C. odoratmmpetition during the early stages before canopy closure. High
levels of C. odorata invasion were observed in old plantations and areas recently clearfelled
(Feleke 2003). In both sugarcane and plantations, little control is undertaken in areas such as road
verges and watercourses that are not being commercially managed which may facilitate the
invasion of natural vegetation and protected areas (Feleke 2003).

Chromolaena odorata may be dominant, co-dominant, sub-dominant or cryptic in the uppermost
vegetation canopy, depending on the type of vegetation being invadede{3sB006). To rely
solely on supervised classification of passive remotely sensed images @ odapata will
underestimate distribution and density, as sub-dominant or cryptic infestations will not be
detected (Joslat al. 2006).

To map the extent of the invasion we used supervised classification of a remotely sensed Landsat
image and multiple logistic regression (Higgetsl. 1999), and a combination of these two

methods. We used separately collected reference points to test which method produced the most
accurate result. Once the distribution of C. odorata was established, we used existing GIS data
sets of biodiversity conservation status (Anon 2007a) and vegetation types in the study area
(Mucina & Rutherford 2006) to determine the levels of invasion according to biodiversity
conservation status and vegetation type, and determine whether invasion is random or selective.

METHODS

Chromolaena odorata was first identified in Hluhluwe Game Reserve in 1961 (MacDonald 1983)
and general invasion into our study area occurred in the 1970s, after being introduced into South
Africa through Durban harbour in the mid-1940s and spreading rapidly along the KwaZulu-Natal
coastline (Goodall & Erasmus 1996). C. odoratistribution data from Hluhluwe Game Reserve
(27°59'55” — 320'30”S and 3153'09” — 320'56"E), 260 kni in extent, (Howison 1998,

2001)were used to develop our distribution model (Figure 3.1 (C)). The C. odtisatdution in

these studies was determined by walking preplanned routes to provide visual cover of the entire
study area. C. odorata distribution was mapped onto field maps with a second x second grid. A
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GPS was used to ensure accurate spatial location in the field. The C. odistataution was

then digitized and incorporated into the Hluhluwe-iMfolozi Park GIS. Field mapping was done in
mid-winter, at a time when many plants were dormant, but C. odavatastill green (Howison,
1998; Howison, 2001).

These distribution data were then used to map the extent of C. odmnaias LandSat 7 Path 167
Row 80 (26" March 2001) (2%4'44.5" — 2932'07” S and 3113'04” — 3233'50"), within the
province of KwaZulu-Natal, South Africa (10 241 Rn(Figure 3.1).

Supervised classification

Image preparation consisted of acquiring a LandSat image from 20 March 2001, which is the
same year for which we had C. odorata distributidata This image was ortho-rectified using

Leica Photogrammetry Suite, using high resolution black and white images from the South Africa
Chief Directorate: Survey and Mapping and a 25 x 25 metre Digital Elevation Model (DEM)
developed by the KwaZulu-Natal Department of Agriculture’s Natural Resources Section to
define Ground Control Points and elevation. The raw digital numbers of the ortho-rectified image
were then converted to radiance at the satellite, using the following formula:

o = (M = LMINa) , (DN - DN, ) + LMIN |
(DNmax - DNmin)
where LMAX.,is band-specific spectral radiance scaled tqRKWm2 sr’ pm™),
LMin . is band-specific spectral radiance scaled to DNMIN (f\an* pm™),
DNnax IS maximum quantized calibrated digital number (255), and
DNmin Is minimum-quantized calibrated digital number (O for LPGS data, 1 for NLAPS data)
(Anon 2007b).

The image was then processed with the Erdas Image module ATCOR Workstation 3 to remove
haze and to perform an atmospheric correction to convert the image to land surface reflectance.

Some of the dense stands mapped in 1998 and 2001 (Howison 1998, 2001§.wHerata

was dominant in the upper canopy, were used to develop a spectral signature. Stands chosen were
in different vegetation types and had no shading due to relief. We used areas of Hluhluwe Game
Reserve with no dense stands to develop a spectral signature for vegetation types without C.
odorata, giving a supervised classification training set consisting of two classes, C. oderata

No C. odorata. We then used Erdas 9.x to perform a supervised classification of our LandSat

image to identify other areas where C. odoratas dominant.

We encountered a problem when we found that the spectral signature for C. atkwataped

from the training set was very similar to that for sugar c8aecfiarum spp.), a common

agricultural crop. We used a land cover study that used SPOT images from 2005 (Thompson
2008) to mask land cover wheteodorata distribution is influenced positively or negatively by

land use practices, including intensive cultivation (sugar cane and other crops), areas of plantation
forestry and urban and rural developments, rather than natural processes (Feleke 2003; Luwum
2002).
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Figure 3.1: Location of the study site showing (A) The location of South Africa on the
African Continent with the potential distribution of C. odorata at a Continental scale
(Kriticos et al. 2005), (B) The location of KwaZulu-Natal within South Africa, with the
potential distribution of C. odorata at a national scale, (Kriticos et al. 2005) and (C) The
location of the study site (LandSat Path 167 Row 80) within KwaZulu-Natal, with the
location of Hluhluwe Game Reserve, and the invasion history (Goodall & Erasmus
1996).

We then performed a supervised classification and fuzzy convolution consisting of two classes

(C. odorata vs. no C. odoratg on the remaining area, using Erdas 9.x. The supervised

classification was done using a parallel-pipe non-parametric rule, while Maximum Likelihood

was specified for the parametric rule, and a distance file was generated. The output generated was
a fuzzy classification consisting of the two best classes per pixel. Erdas 9.x was then used to
refine the fuzzy classification, using a fuzzy convolution operation that creates a single
classification band by calculating the total weighted inverse distance of all the classesina 3 X 3
window of pixels and assigning the centre pixel the class with the largest total inverse distance
summed over the entire set of fuzzy classification bands. Classes with a very small distance value
remain unchanged, while classes with higher distance values may be changed to a neighbouring
value if there are sufficient number of neighbouring pixels with class values and small
corresponding distance values (Anon 2009).
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Atmospheric correction

*—I
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|
v
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Distribution map from supervised classification

v
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Figure 3.2: Diagrammatic representation of the workflow. The blue boxes represent
raster images, while the green boxes represent calculations or operations performed. In
most cases, each operation results in a temporary or intermediate raster image.

Multiple regression modeling

As C. odoratawas first identified in Hluhluwe Game Reserve in 1961 (MacDonald 1983), and
was widespread in the region in the 1970s (Goodall & Erasmus 1996), there is a high probability
that, given its efficient seed dispersal mechanisms, it has penetrated all the suitable habitat
available for invasion in the study area.

Known C. odoratadistribution was mapped in Hluhluwe Game Reserve in 1998 and 2001

(Howison 1998, 2001). In these mapping exercises, “dense stands” were classified as those where
a visual estimate of above ground cove€obdorata was 75% or more. Although the strength of
predictive models may be improved by including known absence data, in Hluhluwe Game

Reserve only the known presenceCobdorata was mapped, precluding the use of absence data,

as models may be misled by false absences (Bret@hs2004; Hirzelet al. 2001).

We used these known distribution of dense stands to determine the factors that contribute towards
C. odorata invasion, as follows:-

We used Hawth’s Analysis Tools for ArcGIS (Beyer 2004) to create a grid of points at regular
intervals 500 m apart to sample the environment within Hluhluwe Game Reserve (Figure 3.4).
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We identified the following GIS data sets that potentially influence C. odaigttibution over

the study area: (1) annual precipitation (Schetz#. 1997); (2) water stress in January (Schulze

et al. 1997); (3) water stress in July (Schu&al. 1997); (4) heat units from April to September
(Schulzeet al. 1997); (5) heat units from October to March (Schetz. 1997); (6) daily mean
temperature (Schulzt al. 1997); (7) mean annual temperature (Schetizb. 1997); (8) altitude

(from a Digital Elevation Model (DEM) with a 30 X 30 m raster resolution of KZN generated by
the KZN Department of Agriculture and Environmental Affairs’ Natural Resource Section, using
20 m contour intervals from Chief Director: Survey and Mapping, Mowbray, Cape Town; (9)
solar radiation for 21 December (mid summer), calculated using ArcMap 9.x Spatial Analyst
Area Solar Radiation tool and the DEM listed above, which yielded a 30 X 30 m raster with the
potential solar radiation for each pixel; (10) public and tourist roads were digitized from 1 : 50
000 topo-cadastral maps and the distance from the nearest road was calculated using ArcMap 9.x
Spatial Analyst extension; (11) perennial rivers were digitized from 1 : 50 000 topo-cadastral
maps and the distance from the nearest river was calculated using ArcMap 9.x Spatial Analyst
extension; (12) seasonal streams and watercourses were digitized from the 1 : 50 000 topo-
cadastral maps and the distance from the nearest seasonal stream or watercourse calculated using
ArcMap 9.x Spatial Analyst Extension; and (13) Normalized Differential Vegetation Index
(NDVI) for March 20" 2001, calculated from the previously mentioned LandSat image; (14)
NDVI for 1973, calculated from a LandSat image taken dhJ2®uary 1973 and ortho-rectified
using Leica Photogrammetry Suite. For these variables, including C. odorata presence, we used
principal components analysis (PCA) (Statistica v. 7.x) to investigate the relationships between
the variables.

The first seven climatic variables are determinants that affect plant species’ germination, growth
and performance, as most plants have a range of climatic conditions beyond which they are
unable to grow, an association that is well known (Woodward 1987), as cited by Kattatos

(2005). Frost occurrence was also initially included, but frost rarely if ever occurs in Hluhluwe
Game Reserve (MacDonald 1983; Schaza. 1997), and so was excluded. These variables

were derived by extrapolation from national weather stations, to a resolution of 1 minute by 1
minute (Schulzet al. 1997), which in the study area is approximately 1.7. ititude is a

variable that has no direct effect on plant distribution, i.e. there is no physiological effect, but has
an indirect effect through location-dependent correlation with other climatic variables, such as
temperature and rainfall (Austin 2002). Potential solar radiation (determined mainly by aspect)
also has an impact on plant communities (Wesal. 1996), and was included instead of aspect,

as aspect is a circular measurement and difficult to incorporate in a model where all other
variables are continuous. Rivers and roads have been cited as routes of seed dispersal as well as
disturbance, which can facilitate invasion through removal or disturbance of potentially
competitive indigenous vegetation (Holmeesl. 2005; Van Gilset al. 2006). The NDVI's for

2001 and 1973 were calculated from LandSat 7 and LandSat 1 images respectively. The NDVI is
the standardized difference in reflection between the near infra red (NIR) and red (R) bands of a
satellite image, and is a measure of the amount of photosynthetic activity of an area (NDVI =
(NIR-R)/(NIR+RY)) (Anon 2007b) . Where there is greater photosynthesis, light in the red band is
absorbed, so the reflectance value is lower, while reflectance in the near infra-red band remains
the same. As a result, with increasing photosynthetic activity, the NDVI increases (Anon 2007b).
There is a strong relationship between NDVI and vegetation structure. @hahof1995) found

that the NDVI for evergreen trees and shrubs in California ranged between 0.5 — 0.9, semi-
deciduous shrubs 0.3 — 0.6 and for annual grasslands 0.2 — 0.5 over a 16 month period, with
consistent differences from one month to the next. Vegetation structure is also an indication of the
amount of shading at ground level at a specific location, a variable that is not measured through
solar radiation, and light intensity is important for C. odorata germination, growth and seed
production (Feleke 2003; Joshi 2006; Jaslsl. 2006; Norbu 2004). The January 1973 NDVI
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was included as a measure of vegetation structure when C. oddeatad invading the study
area (Goodall & Erasmus 1996), noting that some vegetation types are more susceptible than
others, particularly in the early stages of invasion (Chapter 2).

Fire is a factor that can facilitate or control invasion. In grasslands of KwaZulu-Natal, South
Africa, Goodall and Erasmus (1996) found that, in a dense stand of C. od@ltitay mature

shrubs, leaving them to dry and then applying repeated annual fires reduced invasion to such an
extent that, at the end of the study, C. odorata was absent in the transects. This was confirmed by
an experiment with differing fire treatments in invaded C. odosinds in Hluhluwe-iMfolozi

park (M. te Beest, H. Olff et al in prep). Further, Mbalo and Witkowski (1997) found that seeds

in the soil had little tolerance to high sub-surface temperatures induced by intense fire. In
contrast, Honu and Dang (2002) reported that a single severe fire in a deciduous woodland
allowed C. odoratato invade. Within Hluhluwe Game Reserve there are data sets on annual fires
from 1955 - 2001 (Balfour & Howison 2001), but such data are not available for the entire study
site, and so were not included in our analysis.

Precipitation Water Water Heat units: Heat units: | Temperature " Altitude " Solar radiation | Road Pem. river Temp. River NDVI NDVI
stress: stress: April — Sep. Oct. - Mar. distance distance distance 2001 1973
January July

Extract values of
data sets to the
Create grid of points at points C. odorata distribution map

500 m intervals |

Precipitation II Temperature ,2\‘%0\:/[' ]r:ng7\f| geca‘t -u?\lll‘;r Eszltimslt:p Stelese Log|st|c
Regression on
point data v

Significant factors:
Precipitation, Temperature,
Heat Units Oct. — Mar,

Heat Units Apr. — Sep, 2001
NDVI, 1973 NDVI

A 4

4
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L 4
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]
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v
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Figure 3.3: Diagrammatic representation of the workflow. The boxes in blue represent
spatial datasets (raster or vector), while the green boxes represent calculations or
operations performed.
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We overlaid the grid of points on all of the above data sets as well as the distribution of C.
odorata, and for each point used ArcGIS 9.x to assign all of the above attribute data to each point,
and imported the resultant DBF file into SPSS 15.0 for further analysis.

With any time series analysis or change detection using raster data, it is important that common
features in all images overlay exactly (for example, pixels denoting a rocky outcrop in image 1
must have exactly the same geographic co-ordinates as in image 2), as failure to ensure that this is
the case may lead to the false identification of change (Jehakri995).We used Leica
Photogrammetry Suite 9.x to perform an ortho-rectification on a LandSat 7 image from 20 March
2001 and on a LandSat 1 image from 29 January 1973. Points where dense C.vedoeata

present were assigned a presence of 1, while points where there was no C.wdoeatssigned

a value of 0.

We analyzed the data set with backward stepwise logistic regression in SPSS 15.0, to determine
which of the factors listed above contributed to the formation of dense stands of C. obldeata
masked the areas where the landcover is no longer in a natural or near-natural state (Feleke 2003;
Luwum 2002), using data from Thomson (2008).

The application of the relevant variables to the appropriate data sets resulted in a C. odorata
occurrencegrobability map with values ranging between 0 and 1, with values close to 0
indicating very low probability and values close to 1 indicating very high probabil@y of

odorata presence. Selecting a probability at which to accept a species presence can influence
model outcome, as decreasing the probability determining occurrence increases positive
prediction error (Manedt al. 1999). We reclassed the probability map five times, to produce five
separate C. odorata distribution maps, Map 1: C. odorata probability > 0.5; Map 2: C. odorata
probability > 0.6; Map 3: C. odorata probability > 0.7; Map 4: C. odorata probability > 0.8 and
Map 5: C. odorata probability > 0.9, and to determine which level of probability best fitted the
actual distribution of C. odoratawe calculated a Kappa statistic for each map.

Each of these maps was then overlaid with the results of the supervised classification, to test
whether a combination of the two methods could produce a better C. odidsatdution map
than the supervised classification and each of the probability maps on their own.

Accuracy Assessment (ground-truthing)

We used independent data collected throughout the study area to perform an accuracy assessment
and calculate a Kappa statistic for checking the supervised classification, the five probability
maps and the five combinations. These independent data were collected in one of two ways. We
performed road transects through the study area, covering the national road (N2) as well as some
regional and district roads. We stopped every 10 km and recorded the GPS location, took
photographs of the vegetation/land use on both sides of the road and recorded wh&her any
odorata was visible from the road, and, if so, an estimate of density. Density was estimated as
light (only a few isolated plants present), medium (either isolated but well developed individuals
or small clumps of young plants <5 m in diameter) or dense (large numbers/area with a closed
canopy and mature individuals). In his project on land cover of KwaZulu-Natal, Thompson

(2008) collected a large number of points to verify the accuracy of his classification. For each
point he recorded a GPS position and took a photograph. We were able to use these data to
generate additional points @h odorata distribution in the study area. These data were used to
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generate 256 points for assessing classification accuracy as described by Thompson (2008).
Points which fell in areas with altered landcover (crops, plantations, etc.) were removed, leaving a
total of 162 points.

Figure 3.4: Location of points for extracting data for Stepwise Linear Regression, with
points generated to perform logistic regression analyses. C. odorata distribution maps
(1998 and 2001) were obtained from Howison (1998) and Howison (2001).
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For each of these points, the expected presence of C. odorata from the supervised classification,
the five probability maps and the five combination maps was extracted using ArcMap 9.x and a
Kappa statistic generated for the eleven maps according to the formula (Congalton 1991):

K — i= 1 : =1

Where N is the product of marginal totals

r is the number of rows and columns in the error matrix
X; is the number of observations in row | and column |
X+ IS the marginal total of row |

X4 IS the marginal total of column |

The following threshold values have been proposed by Monserud and Leemans (1992) to
differentiate degrees of agreement: < 0.05 — No agreement; 0.05 to 0.20 — Very poor agreement;
0.20 to 0.40 — Poor agreement; 0.40 to 0.55 — Fair agreement; 0.55 to 0.70 — Good agreement;
0.70 to 0.85 — Very good agreement; 0.85 to 0.99 — Excellent agreement; 0.99 to 1 — Perfect
agreement.

We also calculated Error Matrices and Accuracy Assessment tables for each of the maps
produced (Congalton 1991), which provides an indication of how well a classification has been
done.

Extent of Invasion on Vegetation Types

We intersected the area invaded by C. odordentified from our study, (i.e. overlaying the
supervised classification with the probability map of C. odorat.7) with the vegetation types
from Mucina and Rutherford (2006), and used a Chi-square test to determine which of these
vegetation types were more susceptible to invasion, and used information from the same
reference to determine whether vegetation types that are poorly protected were more at risk of
invasion.

I mpact on Biodiversity Conservation

In the biodiversity conservation data set (Anon 2007a), the entire study site has been divided into
land units, and the conservation value of each land unit has been determined to be one of the
following: (1) Transformed (for example intensive agricultural cropping, timber, urbanization):
low value for biodiversity conservation; (2) Low value — land units that have not been

transformed but no known rare species or plant communities are known or expected to occur; (3)
Irreplaceable — land units within which one or more rare or endangered species or plant
communities occur, and, if lost or transformed, would seriously diminish that species or
communities’ chance of survival; (4) Reserve — land units that have been proclaimed as nature or
game reserves in terms of national or provincial legislation.

We used ArcMap to intersect the areas that were identified as being invaded using the methods
described above with the biodiversity conservation dataset (Anon 2007a). We then tested whether
invasion is spread evenly across all conservation priorities, or whether areas with some
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conservation values are more at risk than others, using chi-square tests for each conservation
value (Proclaimed reserve, irreplaceable, low value, transformed vs. area of C. pdorata

RESULTS

Supervised classification

The results of the supervised classification identified 223 #ofrimfestations within the study
area (Figure 3.5), out of a total of 6 808.31°km

Figure 3.5: Results of image preparation and supervised classification.

(A) Ortho-rectified image converted to at satellite radiance, in W.m?.ster*.m™,

(B) Image with atmospherically corrected, haze and shade removed.

(C) Results of supervised classification, indicating that there is 223.7 km? of C. odorata.

Multiple regression modeling

Three PCA axes (PCA |, PCA Il and PCA Ill) explained 62% of the total variation between the
variables chosen to explaih odorata presence and C. odorata itself (Figure 3.6). Comparing PC
I and PC Il (Figure 3.6 A) indicates that, apart from Heat Units, most variables are not highly
correlated with each otheE. odorata is best predicted using PC Il and PC lll, (Figure 3.6 B),
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which indicates that C. odoratpresence is correlated to high NDVI values, elevation and water
stress, and lack of presence is explained by other climatic variables. Distance from roads and
small rivers do not appear to have any influence on C. odorata presence, despite the importance
of these for propagule dispersal (Blackmore 1998).

The Omnibus Tests of Model Co-efficients from the SPSS multiple regression statistics to predict
C. odorata occurrence from environmental factors took seven steps, the final step indicating that
any further removal of factors would not decrease the Chi square value, and the final Wald Chi
Square value is 217.3, df =9, p > 0.001.

From this model, the following variables that contributed to C. odorata presence were
established, and the following equation was applied to the appropriate data sets to calculate a
probability map for C. odorata

Y = EXP(15.295 — 0.006 * Precipitation — 0.594 * daily mean temperature — 0.308 * water stress
in January + 0.01 winter heat units + 0.007 * summer heat units — 0.98 * mean annual
temperature + 8,565 1973 NDVI + 8.219 2001 NDM)+ EXP(15.295 — 0.006 *Annual
precipitation — 0.594 * daily mean temperature — 0.308 * water stress in January + 0.01 winter
heat units + 0.007 * summer heat units — 0.98 * mean annual temperature + 8,565 1973 NDVI +
8.219 2001 NDVI

to obtain a probability map &. odorata occurrence. This probability map was then reclassed
five times to produce five potential distribution maps, and each of these was then overlaid with
the supervised classification.

Distance from roads was not included as the B-value had less than three significant digits
(<0.0005).
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Figure 3.6: Results of PCA, indicating that most variables other than heat units are not
highly correlated to each other (A) and that C. odorata presence is best explained by
water stress and NDVI, and absence is mostly explained by other climatic
variables (B)
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Accuracy Assessment

The error matrix, confusion tables and calculation of the Kappa co-efficient for the supervised
classification, five probability maps and the combinations of supervised classification and
probability maps are presented in Tables 3.2 and 3.3. These assessment indicates that combining
the supervised classification withCaodorata probability of > 0.7 gave the highest correlation
between the ground truth data and the classification with a Kappa co-efficient of 0.44, although
the probability of C. odorata> 0.5 and > 0.6 combined with the supervised classification both
yielded a Kappa co-efficient of 0.43 (Table 3.3). The difference in the estimate of the invaded
area between the two estimates is 681 Rihis indicates that between 1 588°KiRrobability >

0.7 Union Supervised Classification) and 2 268 kne invaded by C. odoratin the study area

(Table 3.1 and Figure 3.7).

The Producer’s Accuracy, also called Omission Error, is an indication of how well the image was
classified, while the User’'s Accuracy, also called Commission Error, is an indication of the
probability that, if a person were to visit a classified area, that it will be what the classification
indicates (Congalton 1991). In our particular case, using Table 3.4 as an example, if a person
were to visit 100 points that were mapped as having C. odorata, C. odavaiald be there in

72.2 cases (User's Accuracy). However, it is likely that there are a number of areas that should be
mapped as having C. odoratavhich are in fact mapped as clear, as the Producer’s Accuracy is
52.3%, an indication that the extent of invasion may be worse than what has been identified.
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Table 3.1: Classification Table indicating level of accuracy of prediction. Zero indicates
points with no C. odorata, 1 indicates points with C. odorata.

Observed Predicted Percentage
Infested Correct
0 1
Stlep Infested 0 874 26 971
1 147 30 16.9
Overall Percentage 83.9
St2ep Infested 0 874 26 97.1
1 148 29 16.4
Overall Percentage 83.8
St:;ep Infested 0 872 28 96.9
1 144 33 18.6
Overall Percentage 84.0
St::p Infested 0 871 29 96.8
1 143 34 19.2
Overall Percentage 84.0
StSep Infested 0 872 o8 96.9
1 146 31 175
Overall Percentage 83.8
Stgzp Infested 0 873 27 97.0
1 145 32 18.1
Overall Percentage 84.0
St7ep Infested 0 872 o8 96.9
1 145 32 18.1
Overall Percentage 83.9

Table 3.1 indicates that the final model is able to correctly predict 83.9 % of the points. The
greater majority of this percentage is comprises of correctly identifying points @hedlerata

is unlikely to be found, which in itself is important information. Of the 145 points observed to
have C. odorata the model was able to correctly predict 32, or 18.1%.



Table 3.2: Variables in the equation for Step
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B S.E. Wald df Sig. Exp(B) 95.0% C.I. for Exp(B)
Lower Upper Lower Upper Lower Upper Lower Upper
Step  Annual precipitation -.006 002  11.17 1 .001 .994 .990 .997
7(@)  Daily mean temperature 594 273 4730 1 .030 552 323 943
Water stress in January -.308 .089  11.890 1 .001 735 617 .876
ggs:el;]”t')t:fpr” o 010 005 4670 1 031 1.010 1.001 1.020
Heat Units October to March .007 003  6.340 1 012 1.007 1.002 1.010
Mean annual temperature -.980 470 4.360 1 .037 .375 149 .942
1973 NDVI 8.570 1.220  49.340 1 .000 5247.100 480.780 57266.100
Distance from roads <0.0005  .000 2.690 1 101 1.000 .999 1.000
2001 NDVI 8.220 2.030 16.360 1 .000 3710.600 69.120 199197.600
Constant 1530  9.880  2.400 1 122 4389320.800

Table 3.3: Summary of the Kappa statistics for the various combinations of C. odorata

distribution

Kappa co- Area invaded

Model efficient (km?)

Supervised classification 0.14 224

Probability > 0.5 0.39 2268.

Probability > 0.6 0.34 1909

Probability > 0.7 0.33 1544

Probability > 0.8 0.26 1145

Probability > 0.9 0.20 669

Probability > 0.5 /Supervised classification 0.43 2268

Probability > 0.6 / Supervised classification 0.43 1928

Probability > 0.7 Supervised classification 0.44 1588

Probability > 0.8 Supervised classification 0.38 1224

Probability > 0.9 Supervised classification 0.33 801
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Table 3.4: Level of accuracy of the areas that are predicted to be invaded, as verified by
groundtruthing: Error matrix for Probability > 0.7 map combined with the supervised
classification versus the ground truthed locations

Ground-truthed Reference Data

No C.
Classified data odorata C. odorata present Total
No C. odorata 87 31 118
C. odorata
present 10 34 44
Total 97 65 162
Producer's User's
Reference Classified Number Accuracy Accuracy
Class Name Totals Totals Correct (Percentage) (Percentage)
No C. odorata 97 118 87 89.7 73.7
C. odorata present 65 44 34 52.3 72.2
Total 162 162 121

Overall classification accuracy = 74.7 %

Note: Column 1 provides the Class Name of each supervised classification class;
Column 2 is the field data from the accuracy assessment points; Column 3 is the result
from the supervised classification at each accuracy assessment point; Column 4 is the
number of points that were correctly classified; Column 5, the Producer’s accuracy, is
the number of points correctly classified as a percentage of Column 2; Column 6, the
User’s accuracy, is the number of points correctly identified as a percentage of Column
3; The Overall Classification Accuracy is the total number of correct points as a
percentage of the total number of points.

Table 3.5: Level of accuracy of the areas that are predicted to be invaded, as verified by
groundtruthing: Error matrix for Probability > 0.5 map combined with the supervised
classification versus the ground-truthed locations

Reference data

No C.
Classified data odorata C. odorata Total
No C. odorata 80 26 106
C. odorata 17 39 56
Total 97 65 162
Producer's
Reference Classified Number Accuracy User's Accuracy
Class Name Totals Totals Correct  (Percentage) (Percentage)
No C. odorata 97 106 80 82.5 75.5
C. odorata 65 56 39 60.0 69.6
Total 162 162 108

Overall accuracy assessment = 66.7%
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Figure 3.7: Results of mapping: (A) C. odorata probability map from logistic regression,
reclassed into two classes: Probability 0 to 0.5 = 0, Probability 0.5to 1 =1; (B) C.
odorata probability map from logistic regression, reclassed into two classes: Probability O
to 0.7 = 0, Probability 0.7 to 1 = 1; (C) Combination of (A), (B) and Figure 3.5 (C),
showing the distribution of C. odorata from the supervised classification and where the
probability of C. odorata is greater than 0.5.

Potential impact on Biodiversity

Land that has a high biodiversity conservation value, and proclaimed reserves, were preferentially
invaded, while land with a low conservation status was not preferentially invaded, at both levels

of probability (Table 3.4, C. odorata probability > 0.5 + Supervised classification Chi Square =
37.2, df = 3, p < 0.001);. odorata probability > 0.7 + Supervised classification Chi Square =

70.5, df = 3, p < 0.001).
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Figure 3.8: Invasion of land by importance for biodiversity conservation (Anon 2007a).
(A) Indicates the invasion according to the probability of C. odorata > 0.5 and the
supervised classification; (B) indicates the invasion according to the probability of C.
odorata > 0.7 and the supervised classification;



Table 3.6:
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Results of comparing invasion of land units with the conservation status

Probability C. odorata> 0.5+ Probability C. odorata> 0.7 +
Conservation  Total Supervised Classification Supervised Classgl)::atlon ot
value km? | Clear Inv.  Exp Inv. » | Clear Inv. Invp ) '
km? km? km? km? km? Km? X
Low value 3284 | 2264 1021 1157 16.0 | 2639 646 811 33.6 -
Transformed 554 354 200 195 0.1 402 151 137 1.6
Irreplaceable 1 157 669 488 408 16.0 804 353 286 16.0 +
Proclaimed 4 437 | gg1 557 506 5.0 | 1000 438 355 194 | +
reserve
Total 6432 | 4166 2266 2266 372 | 4845 1588 1588 70.5

Note: Total area: Total area of each vegetation type, in km?, that has not been
transformed;

Clear: Area of the vegetation type in km? that is not invaded, per invasion class;
Invaded: Area of the vegetation type in km? that is invaded, per invasion class;

Total area: Total area of the vegetation type in km? that has not been transformed (other
than by C. odorata invasion);

Exp. Inv.: The area of invasion (km?) if all vegetation types were invaded equally,
calculated as the total invasion multiplied by the proportion of the vegetation type to the
total area, in km?, per invasion class;

Chi-square: The observed value minus the expected value squared divided by the
expected value, per invasion class;

Corr.: An indication of whether the vegetation type is being preferentially invaded,
avoided or neutral.

There was a significant deviation from the expected pattern of invasion across vegetation types
(Table 3.8, C. odorata probability > 0.5 + Supervised classification Chi Square = 882, df = 15, p

< 0.001) ; C. odorata probability > 0.7 + Supervised classification Chi Square = 1173, df = 15, p

< 0.001). The vegetation types that were preferentially invaded, along with some measure of their
conservation status, is given in Table 3.7. Seven of the ten vegetation types being preferentially
invaded are threatened in some way (Mucina & Rutherford 2006), an indication that land
important for biodiversity conservation is being invaded. Including threatened vegetation types in
proclaimed reserves is also no guarantee of their protection, as protected areas are being
preferentially invaded (Table 3.8).



57

Table 3.7: Analysis of invasion by vegetation types — Probability of C. odorata > 0.5 and
> 0.7 combined with the supervised classification.

Probability C. odorata> 0.5+ Probability C. odorata> 0.7 +
Vegetation Total Supervised Classification Supervised Classification
Type Aregl = = Corr.
km Clear Invaded IrT\E) 2 Clear Invaded In)i/p 2
km? km> oV X km? km? ;X
m km
Eastern Valley Bushveld 132 62 70 47 11 88 44 33 3.8 +
KZN Coastal Belt 446 157 289 159 106 243 203 111 76.9 +
Mangrove Forests 21 4 18 8 14 4 17 5 26.4 +
Maputaland Coastal Belt 398 60 338 142 271 109 289 99  365.7 +
Maputaland Wooded g4 | 1g 72 2 49 | 30 60 2 628 | +
Grassland
Ngongoni Veld 309 251 58 110 25 275 34 7 235 -
Northern Coastal Forest 126 3 123 45 137 5 121 31 257.6 +
Northern Zululand 1364 |1074 201 486 78 | 1206 158 339 968 | -
Sourveld
Scarp Forest 76 8 68 27 61 13 63 19 103.6 +
Subtropical Freshwater 70 20 49 o5 24 32 37 17 226 +
Wetland
Swamp Forest 5 0 5 2 6 0 5 1 10.1
Tembe Sandy Bushveld 11 1 10 4 10 2 9 3 14.9
Nestern Maputaland Clay 20 12 9 7 0 16 4 5 0.2
Bushveld
Zululand Coastal 429 | 324 105 153 15 | 367 61 107 194 | -
Thornveld
Zululand Lowveld 2542 1895 647 905 74 2147 395 632 88.6 -
Total 6 039 |3 888 2151 882 4 538 1501 1173

Note: Vegetation type: Name of vegetation type from Mucina and Rutherford (2006)
Total area: Total area of each vegetation type, in km?, that has not been transformed:
Clear: Area of the vegetation type in km? that is not invaded, per invasion class;
Invaded: Area of the vegetation type in km? that is invaded, per invasion class;
Total area: Total area of the vegetation type in km? that has not been transformed:;
Exp. Inv.: The area of invasion that should be invaded if all vegetation types were
invaded equally, calculated as the total invasion multiplied by the proportion of the
vegetation type to the total area, in km?, per invasion class;

Chi- Square: The observed value minus the expected value squared divided by the
expected value, per invasion class;

Corr.: An indication of whether the vegetation type is being preferentially invaded,
avoided or neutral.



Figure 3.9: Vegetation types in the study area, from Mucina and Rutherford (2006)
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Table 3.8: Conservation status of vegetation types that are being preferentially invaded
(Mucina & Rutherford 2006)

Vegetation type Percentage Percentage Conservation Situation
Protected Remaining
Eastern Valley Bushveld 0.8 85 Least threatened
KwaZulu-Natal Coastal Belt 0.6 49.7 Endangered
Mangrove Forest 72 72 Critically endangered
Maputaland Coastal Belt 14.9 69.6 Vulnerable
Maputaland Wooded Grassland 16.8 54.3 Endangered
Northern Coastal Forest 67.3 97.8 Under threat from
development
Scarp Forest 21.3 95.8 Endangered outside reserves
through over-exploitation
Subtropical Freshwater 45 96.4 Least threatened
Wetlands
Swamp Forest 65.9 95.8 Critically endangered
Tembe Sandy Bushveld 16.8 92 Least threatened
DISCUSSION

By performing a supervised classification, we were able to identify 223 dfkimfestations, out

of a total of 6 808 k(3.3 % of the study area, see Figure 3.1). The Kappa statistic (0.14)
indicated a very poor agreement with the reference data (Monserud & Leemans 1992), mainly
due to the number of points wheZeodorata was present but not detected using supervised
classification. This was expected, given the cryptic nature of C. odorata in many vegetation types
that it invades and the spatial resolution of the satellite image (Joshi 2006). However, the Error
Matrix and Accuracy Assessment (Appendix 3.1), show a User’'s Accuracy > 81 %, an indication
of few false positives, and an indication that there is a high probability that, where the
classification shows it as being present, it will be present (Congalton 1991).

To estimate the total extent of the invasion we used multiple logistic regressions (ldigdins

1999) as it is a method that would be applicable both inside Hluhluwe Game Reserve, where we
used C. odoratadistribution data to develop our model, and outside Hluhluwe Game Reserve,
where we applied the model. Also, this method is less dependent on the characteristics of the
specific Landsat image and the season in which it was collected. We needed to have the same
data sets available for the entire study area that we used to develop the model. Of the 14 variables
tested by the model, eight were important in determining the potential C. odifisttdution. C.

odorata does not tolerate water stress in the growing season very well (Goodall & Erasmus 1996;
Kriticos et al. 2005)and, despite the relatively small geographical areaised to develop our

model, temperature and water stress were indeed identified as variables with a negative
coefficient. C. odoratais also sensitive to frost (Goodall & Erasmus 1996; Kritetas. 2005),

and, despite sensitivity to hot, dry conditions, does require a certain level of heat units in both the
summer and winter months, possibly to complete seed production (KgtialoR005), and

hence the positive correlation with heat units. Water stress in July was not significant, possibly
due to C. odoratagoing dormant after setting seed in the dry winter months and resprouting when
favourable conditions return (Zachariadeal. 2009).
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The best Kappa statistic was achieved with a probability of 0.5 — 1, but, at 0.39, indicated a poor
fit (Monserud & Leemans 1992), mainly due to the high number of both false positives and false
negatives in the error matrix (Appendix 3.2). This is an indication that, in our study, using
probability on its own with the data sets available, was not a very reliable method to determine
distribution. Overlaying the results of the supervised classification wit@.tbdorata probability

map in all cases increased the Kappa statistic, with the highest Kappa statistic (0.44) and the
highest overall classification accuracy (74.7%) being achieved with combini@y ¢derata
probability of 0.7 — 1 and the supervised classification. Overlaying the supervised classification
with the C. odorata probability of > 0.5 and > 0.6 gave marginally lower Kappa statistics (0.43)
and lower overall classification accuracies (66.7 % and 73.5 % respectively). This is an indication
that each method on its own was inadequate to determine distribution, but, by combining the
supervised classification, with its high level of user accuracy, incorporated C. odorata
distribution information that was not being adequately modeled. This could be due to model
development not adequately covering the full rangé. atlorata distribution or that C. odorata

has not yet spread into all possible habitats (Kritet@s. 2005) and the varying spatial

resolution of the data sets used (climatic variables mapped at 1 X 1 min vs. 30 X 30 m for
altitude, solar radiation and 2001 NDVI and 60 X 60 m for 1973 NDVI).

Combining the supervised classification with the C. odorata probability of > 0.5, > 0.6 and > 0.7
provided acceptable Kappa statistics and overall classification accuracies (Congalton 1991;
Monserud & Leemans 1992), but the area identified as invaded differs quite dramatically, from a
maximum of 2 268 kfusing a C. odorata probability of > 0.5 to a minimum of 1 5 88%uming

a C. odorataprobability of > 0.7. Given that the Kappa statistic and the overall classification
accuracy is highest for the latter, this is the best estimate statistically, but, given the closeness of
the statistics of the three C. odorata distribution maps and the relatively low Producer’'s Accuracy
(52%) of the C. odorata> 0.7, there are likely to be some areas where C. odorata is present but
not mapped, and the 1 588 km2 is most likely a minimum estimate.

We conclude thaE. odorata infestations potentially covered more than 1 588 &fithe study

area. Further analysis of invasion patterns across conservation status (based on Anon 2007a) and
vegetation types (based on Mucina & Rutherford 2006) showed that invasion was not a random
process. Areas important for biodiversity conservation and proclaimed reserves were
preferentially invaded, a similar result to that found by Luwum (2002) and Feleke (2003). This is
possibly due to areas with a higher biodiversity at a landscape level having a wider variety of
niches available for occupation by both indigenous and exotic invasive plants (Brown & Peet
2003; Daviest al. 2005).

Twenty three vegetation types were present in the study area (Mucina & Rutherford 2006), of
which ten were preferentially invaded, and there was a conservation concern about seven of these,
ranging from critically endangered to vulnerable. Eight of these ten vegetation types are
dominated by broadleaved trees and shrubs, or have them as a major component, while the
remaining two (Maputaland Wooded Grassland and Subtropical Freshwater Wetlands) are not
water stressed. Containment in a formally proclaimed conservation area was no security, as
conservation areas were preferentially invaded. Vegetation types that were resistant to invasion
were dominated by fine-leavédacia spp. (for example Zululand Coastal Thornveld), and
grasslands (for example Ngongoni Veld). Using controlled burns to prevent or control invasion
may be possible in vegetation types that are fire adapted (Goodall & Erasmus 1996), but may lead
to increased disturbance and invasion in vegetation types that are not fire adapted (Honu & Dang
2002).
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We conclude that. odorata can be detected and mapped using a combination of supervised
classification using LandSat and multiple logistic regression. However, neither method on its own
provided gave adequate results, for reasons discussed above, and there is a good opportunity to
explore other methodologies that have been used for indirect mapping and modeling of alien plant
distributions, for example GARP (Underwoetdhl. 2004), FEM (Robertsogt al. 2004) and

WISP (Gillhamet al. 2004).

What is also important is to map the full extent of the invasion in KwaZulu-Natal, thereby

enabling us to assess the impact it is having on biodiversity conservation, land use and ecosystem
services. This should aid the determination of appropriate management actions for various
vegetation types, land cover alatid use types.
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Appendix 3.1: Error matrices and Accuracy Assessmentsfor the supervised
classification, probability mapping and combination maps

3.1.1 Error matrix and Accuracy Assessment for the Supervised Classification

Reference Data
Classified data  No C. odorata C. odorata Total

No C. odorata 95 56 151
C. odorata 2 9 11
Total 97 65 162
Producer's User's
Reference Classified Number Accuracy Accuracy
Class Name Totals Totals Correct  (Percentage) (Percentage)
No C. odorata 97 151 95 97.9 62.9
C. odorata 65 11 9 13.8 81.8
Total 162 162 104
Overall classification accuracy = 64.2 %
3.1.2 Error matrix and Accuracy Assessment for Probability > 0.5
Reference data
Classified data  No C. odorata C.odorata Total
No C. odorata 81 30 111
C. odorata 16 35 51
Total 97 65 162
Producer's User's
Reference Classified Number Accuracy Accuracy
Class Name Totals Totals Correct  (Percentage) (Percentage)
No C. odorata 97 111 81 83.5 73.0
C. odorata 65 51 35 53.9 68.6
Total 162 162 116

Overall accuracy = 71.6%




3.1.3 Error matrix and Accuracy Assessment for Probability > 0.6

Reference data
Classified data No C. odorata C.odorata  Total

No C. odorata 83 35 118
C. odorata 14 30 44
Total 97 65 162
Producer's User's
Reference Classified Number Accuracy Accuracy
Class Name Totals Totals Correct (Percentage) (Percentage)
No C. odorata 97 118 83 85.6 70.3
C. odorata 65 44 30 46.2 68.2
Total 162 162 113
Overall accuracy = 69.8%
3.1.4 Error matrix and Accuracy Assessment for Probability > 0.7
Reference data
Classified data ~ No C. odorata C.odorata  Total
No C. odorata 88 39 127
C. odorata 9 26 35
Total 97 65 162
Producer's User's
Reference Classified Number Accuracy  Accuracy
Class Name Totals Totals Correct (%) (%)
No C. odorata 97 127 88 90.7 69.3
C. odorata 65 35 26 40.0 74.3
Total 162 162 114

Overall accuracy = 70.4%
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3.1.5 Error matrix and Accuracy Assessment for Probability > 0.8

Reference data
Classified data No C. odorata C.odorata  Total

No C. odorata 90 45 135
C. odorata 7 20 27
Total 97 65 162
Producer's User's
Reference Classified Number Accuracy Accuracy
Class Name Totals Totals Correct (Percentage) (Percentage)
No C. odorata 97 135 90 92.8 66.7
C. odorata 65 27 20 30.8 74.1
Total 162 162 110
Overall accuracy = 67.9
3.1.6 Error matrix and Accuracy Assessment for Probability > 0.9
Reference data
Classified data No C.odorata  C.odorata Total
No C. odorata 95 52 147
C. odorata 2 13 15
Total 97 65 162
Producer's User's
Reference Classified Number Accuracy Accuracy
Class Name Totals Totals Correct  (Percentage) (Percentage)
No C. odorata 97 147 95 97.9 64.6
C. odorata 65 15 13 20.0 86.7
Total 162 162 108

Overall accuracy assessment = 66.7%
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3.1.7 Error matrix and Accuracy Assessment for Probability > 0.6 combined with
supervised classification

Reference data

Classified data No C.odorata C. odorata Total
No C. odorata 82 28 110
C. odorata 15 37 52
Total 97 65 162
Producer's User's
Reference Classified Number Accuracy Accuracy
Class Name Totals Totals Correct  (Percentage) (Percentage)
No C. odorata 97 110 82 84.5 74.6
C. odorata 65 52 37 56.9 71.2
Total 162 162 119

Overall accuracy assessment = 73.5%

3.1.8 Error matrix and Accuracy Assessment for Probability > 0.8 combined with
supervised classification

Reference data
Classified data No C. odorata C. odorata Total

No C. odorata 89 37 126
C. odorata 8 28 36
Total 97 65 162
Producer's User's
Reference Classified Number Accuracy Accuracy
Class Name Totals Totals Correct  (Percentage) (Percentage)
No C.
odorata 97 126 89 91.8 70.6
C. odorata 65 36 28 43.1 77.9
Total 162 162 117

Overall accuracy assessment = 72.2%
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3.1.9 Error matrix and Accuracy Assessment for Probability > 0.9 combined with

supervised classification

Reference data
Classified data No C. odorata C. odorata Total

No C. odorata 93 43 136
C. odorata 4 22 26
Total 97 65 162
Producer's User's
Reference Classified Number Accuracy Accuracy
Class Name Totals Totals Correct (Percentage) (Percentage)
No C.
odorata 97 136 93 95.9 68.4
C. odorata 65 26 22 33.9 84.6
Total 162 162 115

Overall accuracy assessment= 71.0%




71

CHAPTER 4: GENERAL DISCUSSION

O. Howison

Invasion by alien plants is a consequence of globalization (etatk2000), and preventing
introductions is the best method to avoid impacts (Ms#iek 2000; Tucker & Richardson 1995).
However, it is often too late for such preventative action (Higgliak 1999), and, once

introduced, eradication of invasive alien plants is a goal not often achievable and maintenance at
or below acceptable levels becomes the most viable solution @1ack000; Simberloff 2003).

In such cases, the abundance of the species is controlled at levels such that acceptable ecological
impacts are maintained within acceptable limits and ecosystem services are still provided. How
such maintenance should be achieved best depends on the relevant specific species traits in
combination with the characteristics that make habitats invasible. This needs to be viewed in the
context of the natural and human-induced disturbances that control community structure in the
habitats under study. In this discussion | will try to integrate the findings from the local scale
(Hluhluwe game reserve) with those of the regional scale (coastal KwaZulu-Natal)

To maximize the cost-effectiveness of control programmes, for each invasion it is important to
understand the vulnerability of the habitat to invasion, the traits of the invasive species that allow
it to become invasive, the interactions between these and the financial and ecological implications
of the invasion (Richardson & Pysek 2006; Turpie 2004). In alien plant ecology, much work has
been done to find generalities in terms of habitat invasiveness and species traits, not always with
success (PySek 1998; Richardson & Pysek 2006). Elton (1958) proposed that alien species would
invade areas with low species diversity, as areas with high species diversity should use limiting
resources more completely (Levine & D'Antonio 1999), but results from studies have both
supported and rejected this hypothesis (Levine & D'Antonio 1999; Stoldgaeri999). In

general, small scale studies support this theory (Kenetealy2002; Stohlgremt al. 1999), but

at larger scales highly diverse communities may be more readily invaded due to other co-varying
factors such as evolutionary history, community structure, total biomass or plant density,
propagule pressure of both indigenous and invasive species, disturbance (e.g. flooding, fire),
stress, resource availability, habitat heterogeneity, fragmentation and competitors, rather than
diversity itself (Alpertet al. 2000; Huston 2004; Levine & D'Antonio 1999; Stohlgeeal.

1999). Some of these factors, for example fragmentation and disturbance, can both promote and
inhibit invasion, depending on the relationship between the factor, the habitat and the invasive
species (Brothers & Spingarn 1992; Foxcebfal. 2008; Hobbs 2001; Huston 2004; Kemper

al. 1999; Ohlemulleet al. 2006). The influence of the factor thus needs to be understood in the
context of the specific invasion and the traits that enhance the species invasiveness in a specific
habitat (Richardson & Pysek 2006).

Disturbance regimes in habitats are a factor then cited as a cause of invasion, but, in natural
systems, some level of disturbance is also necessary to maintain maximum levels of biodiversity
(Hobbs & Huenneke 1992). The response of any vegetation type to disturbance or disturbance
interval is determined by the traits of the species present (both natural and invasive). The
disturbance interval is important, as different species reach maturity and reproduce at different
rates (Hobbs & Huenneke 1992). If a second disturbance occurs before a species has reproduced,
that species may be lost. Only a few ruderal species will remain when there are frequent, severe
disturbances and only a few long-lived competitive species and those that can regenerate without
disturbance will remain when there is no disturbance (Hobbs & Huenneke 1992).
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Fire is a disturbance that can both inhibit and enhance invasion by alien plants, in @ur case
odorata, depending on the context. In two separate studies, annual burning of fire adapted
grasslands effectively eliminated C. odorgt@oodall & Erasmus 1996), while in another study
occasional severe fire in a fire sensitive habitat facilitated invasion (Honu & Dang 2002). Fire is
an important management tool (Balfour & Howison 2001) that can be used to niawdgeata
infestations in communities adapted to regular fires, but it's application in fire sensitive
vegetation types needs to be carefully considered to prevent it from facilitating invasion or
damaging sensitive communities.

In areas with vegetation types that are not fire adapted, and need to be maintained for biodiversity
conservation, manual and chemical control are the only methods that are currently being applied.
These are expensive to implement and maintain, and every step needs to be properly implemented
to ensure cost-effective control (Zachariaees. 2009). Small, isolated guerilla type infestations

in fire-sensitive communities need to be cleared quickly to prevent further invasion (Moody &
Mack 1988). Reinvasion of cleared areas needs to be minimized through good management of the
surrounding vegetation, keeping areas adjacent to roads and rivers (major sources of long-
distance propagule dispersal) clear and keeping infestations at low levels to reduce propagule
pressure. To reduce clearing costs and the competitiveness of C. qdovatstigation into

biological control agents was initiated in the 1980s, and to date, one spac®gliactes

insulate) has been established in southern KwaZulu-Natal and other species are being

investigated (Zachariadesal. 2009).

In addition to habitat characteristics, invasive species traits have also been widely explored. The
most common traits that predict invasiveness are wide latitudinal range and rapid dispersal, which
in turn is related to short generation time, long fruiting period, large seed number, small seed size,
prolonged seed viability and transport by wind or by animals (Dukes & Mooney 1999; Rejmanek
& Richardson 1996; Williamson & Fitter 1996a). Although an invasive alien species may not

have all or any of these characteristics (Williamson & Fitter 1996b), C. odbiaganany of

these traits: It has a wide natural range (Kritietlod . 2005; McFadyen & Skarrat 1996), it is

capable of producing seed within a year of germination, it can produce seeds apomictically and in
large numbers, seeds are small and readily spread by a variety of mechanisms (Luwum 2002;
Rambuda & Johnson 2004; Zachariaded. 2009). Most seeds lose viability after a year, but a

few remain viable for several years, and reinvasion occurs rapidly when a parent population is
removed (Witkowski & Wilson 2001).

The understanding of each specific invasion needs the involvement of both species and habitat
characteristics, and their relative importance may change over time (&lpkr2000;

Richardson & Pysek 2006). In our study area invasion was first driven by a habitat characteristic
(high rainfall), but subsequently switched to a species trait, (high seed production), which
allowed the invasion to invade vegetation types from which it was previously excluded. The
importance of propagule pressure in driving invasion has been documented by other authors
(Foxcroftet al. 2004; Rouget & Richardson 2003). High seed production then drove the invasion
into the remaining patches of susceptible vegetation types (Chapter 2). There was thus interplay
between habitat susceptibility and a species trait, enforcing the point made by Richardson and
Pysek (2006) that both need to be considered when studying alien plant invasions. Alpest, Bone
al. (2000) and Barney, Tommaso et @€005) also found interplay between habitat suitability and
species traits to be important in determining invasion success, but more studies are required to see
if this is a general phenomenon. At the broader scale, our study showed that, although the same
vegetation types were preferentially invaded at both the probability > 0.5 + supervised
classification and probability > 0.7 + supervised classification, fvalyes indicate the relative
contribution of individual vegetation types to the tofathanged, mostly increasing from the
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former to the latter. This indicates that, at the higher probability of invasion, there is a positive
selection for some habitats and an avoidance of others, but, as the probability of invasion is
reduced (i.e. as the invasion progresses), this selectivity is also reduced, a further indication that,
as an invasion progresses, the invading species may become less selective in the choice of habitat
it invades or able to overcome habitat factors that inhibit the invasion (Chapter 2 and Chapter 3).

In our study, an important factor contributing to invasion of resistant habitats was propagule
pressure on areas adjacent to existing invasions, allowing the invasion to occur in a phalanx
rather than guerilla fashion, although the latter did occur. Understanding this is also important if
the invasion is to be effectively managed. Doust (1981) studied the roles of phalanx and guerilla
invasion, where phalanx invasion is a strategy to monopolise habitats susceptible to invasion,
while the role of guerilla invasion is two-fold. It may be a mechanism to pass through habitat that
is unsuitable or marginal for invasion (Amsbetyl. 2000; Doust 1981), or to initiate new

invasion foci (Moody & Mack 1988). In this study, uninvaded grids that were adjacent to existing
invasions always showed a significantly higher susceptibility to being invaded, indicating that
invasion was largely through phalanx invasion rather than guerilla invasion (Chapter 2). This is
due to the fact that, despite their small size, most C. od®edal falls below or within a few

metres of the parent plant (Blackmore 1996), and this is the factor driving the phalanx invasion.
However, there were instances of guerilla invasion which lead to the establishment of new foci
(Chapter 2). The total number of invasions remained fairly stable throughout the study period, as
existing invasions expanded and coalesced, but new guerilla invasions also occurred (Chapter 2).

Is the invasion of Hluhluwe Game Reserve an example of what is happening in the greater area?
In Hluhluwe Game Reserve the vegetation types dominated by Ax@etdes were mostly

resistant to invasion. At the broader scale, vegetation types resistant to invasion afstatiave
species as an important taxon (Mucina & Rutherford 2006). Whether it is the genus itself that
provides some measure of protection or a habitat factor (e.g. disturbance, climate, geology, soils)
that, in promoting growth by Acacia sppexcludes C. odoratas a subject for further

investigation. On the other hand, in Hluhluwe Game Reserve communities dominated by
broadleaved species varied in their level of resistance. This was best shown by the variation in
invasion between the two riverine forests (Chapter 2). Both of these vegetation types occur along
the major rivers, so invasion was not limited by propagule dispersal, and have similar rainfall
regimes (Chapter 2). This indicates that a habitat factor other than rainfall may have contributed
to limiting invasion in the Spirostachys africand Euclea racemosa riverine forests, but not in

Ficus sycamorus / Schotia brachypetala forests.

To fully assess the impact of an invasive alien species, the extent of existing infestations needs to
be known and compared with the potential range (Petetsbn2003; Wang & Wang 2006).

One of the main objectives of this study was to test the use of GIS and remote sensing.to map
odorata in the study area. However, the extent of C. odorata infestations goes beyond the study
area, so future research work needs to be aimed at mapping the entire extedbrdt&

infestations in KwaZulu-Natal.

Our study was also restricted to one invasive alien plant species, namely C. pbatétzere are
numerous other invasive alien plant species, for example Lantana cariRatas sp., Solanum
mauritianum and Acacia mearnsii for which there are no recent distribution maps covering
KwaZulu-Natal (O. Howison, pers. obs.). In addition, potential distributions could change with
the impacts of global warming, and distribution models need to take this into account (Dukes &
Mooney 1999; Kriticogt al. 2003; Pearson & Dawson 2003).
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There are also a number of different computerized models that have been developed to assist with
determining potential distribution of an alien species, including CLIMEX, (Krittas 2005;
McFadyenet al. 1996; Sutherstt al. 1985), Genetic Algorithm for Rule-set Production (GARP)
(Underwoodet al. 2004) , Fuzzy Envelope Model (FEM) (Robertgbal. 2004) and Weed
Susceptibility Prediction (WISP) (Gillhaet al. 2004). Further research needs to be done to test

the relative efficacy of these models to determine the potential extent of alien plant invasions in
KwaZulu-Natal.

Within the constraints of this study, we have documented an alien plant invasion, thereby
contributing to the general understanding of alien plant invasions. We have also been innovative
in combining two techniques to map the same invasion over a wider geographic area, thereby
allowing us to assess the impact of the invasion on conservation of biodiversity.
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