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Top: Chromolaena odorata invading natural woodland in Hluhluwe-iMfolozi Park.
Bottom: Chromolaena odorata in its native range, Puerto Rico. Bottom left: C. odorata is in the
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pictures only the seeds are visible as the species is overgrown by exotic species invading Puerto Rico,
notably the South African grass Panicum maximum and the climbing vine Ipomoea sp.
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Biological invasions

In the last centuries biological invasions have become an important global phenom-
enon and constitute one of the most serious threats to biodiversity worldwide (Lons-
dale 1999). Invasions are characterized by the proliferation, spread and persistence
of species in new areas that are often very distant from their native ranges (Mack et
al. 2000). They largely result from the ever-expanding human transport and
commerce that deliberately or accidentally distribute species around the face of the
earth, moving them beyond their natural dispersal barriers (Vitousek et al. 1997;
Wilson et al. 2009a). Invasive species can have profound impacts on the systems
they invade, either directly, e.g. through predation or competitive exclusion of native
species, or indirectly through altering fundamental ecosystem processes, like nutrient
cycling, hydrology or fire regimes (Levine et al. 2003). The study of invasions is rele-
vant not only from the perspective of conservation biology, but also provides impor-
tant insights in the basic determinants of community structure, e.g. mechanisms
relating to species coexistence and turn-over, niche theory or plant – soil interac-
tions. The study of invasions has received much attention in the last decades
(Richardson & Pysek 2008) and much work in invasion ecology has focused on iden-
tifying underlying mechanisms that explain invasion success. However, the basic
questions ‘what determines a successful invader’ (species invasiveness) and ‘which
communities are susceptible to invasion’ (community invasibility) remain yet largely
unresolved and are the topic of ongoing research.

Concepts and definitions

There has been much debate in the scientific literature regarding the terms invasion
and invasive species. In his seminal book The ecology of invasions by animals and
plants the ‘father of invasion ecology’ Charles S. Elton described invasions as ‘eco-
logical explosions’, meaning ‘the enormous increase in numbers of some kind of
living organism’ (Elton 1958). Elton distinguished between ‘outbreaks that occur
because a foreign species successfully invades another country, and those that
happen in native or long-established populations’. The former he referred to as
invaders, the latter he would classify under successional processes. It can be ques-
tioned, however, whether this distinction between introduced exotic invaders and
native colonizers is valid or whether both are governed by similar processes (Davis et
al. 2001; Meiners 2007). 

Current definitions of invasions mostly follow Elton’s combination of ‘entering
into novel territory’ and ‘uncontrolled spread and abundance’ (Richardson et al.
2000b; Kolar & Lodge 2001; Mitchell et al. 2006; Catford et al. 2009). However,
several authors include an element of negative impact into the definition (Mack
et al. 2000; Davis & Thompson 2000; Levine et al. 2004). Richardson et al. (2000b)
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strongly advocate a focus on novel spread without any connotation of impact. In
their approach to the invasion concept, species progress through several stages:
introduction, naturalization and invasion and are defined accordingly as
alien/exotic, naturalized and invasive plants (Richardson et al. 2000b). To label inva-
sive plants with harmful effects they suggest usage of the term weeds or pests. For
the small percentage of invasive plants that exert a disproportionately large impact
on ecosystems (The ten’s rule (Williamson & Fitter 1996a)), they proposed the name
transformers (Richardson et al. 2000b). This way of defining species invasions is bio-
geographical in its approach and is followed by many authors (Daehler 2003;
Colautti et al. 2004; Richardson & Pysek 2006; Pysek & Richardson 2006; Colautti &
Richardson 2009). However, the implication of this definition is that it excludes
range-shifting native species as invasive. It is therefore criticised by other authors
(Valery et al. 2004; Valery et al. 2008) and the debate is ongoing (Warren 2007;
Richardson et al. 2008; Valery et al. 2009; Warren 2009; Preston 2009; Wilson et al.
2009a; Wilson et al. 2009b). In this thesis, due to the lack of a consensus definition,
we follow Richardson et al. (2000b) and define (exotic) invasive plants as those that
form self-sustaining populations that actively spread and become abundant outside
their natural (native) boundaries. 

Species invasiveness

In 1965 Baker described the ‘ideal weed’ (Table 1.1). He defined a plant as a weed
when its populations grow entirely or predominantly in areas disturbed by man
(Baker 1965). Currently weeds are defined as plants that grow in areas where they
are not wanted and have harmful environmental or economic effects, especially in
agricultural systems  (Richardson et al. 2000b). Weeds are not necessarily exotic
and/or invasive, although of course they can be. In many older publications the term
weed has been used to describe the colonization of new habitats by foreign plants, a
phenomenon that is currently referred to as invasion. 

In practice it is unlikely that species can become invasive based on their charac-
teristics alone. There is no set of traits that is consistently associated with invasion
and generalizations across different taxa of vascular plants are difficult to make
(Williamson & Fitter 1996b; Pysek & Richardson 2007), probably because the traits
that make a species successful vary among habitats. Nevertheless, there are some
traits that are more common among invasive than non-invasive plants including
many of Baker’s ideal weed characteristics, such as the ability to reproduce asexually,
high growth rate, short generation time, high phenotypic plasticity and high toler-
ance of environmental heterogeneity (Sakai et al. 2001; Richardson & Pysek 2006).
Also, identifying sets of traits associated with invasiveness has proven successful at
finer taxonomic scales (Rejmanek & Richardson 1996; Grotkopp et al. 2002). For this
reason, Baker’s work is highly relevant for my thesis as he based his research on
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several species in the genera Eupatorium and Ageratum, both of which belong to the
tribe of the Eupatorieae in the family Asteraceae and are closely related to the
species under study in this thesis: Chromolaena odorata (L.) King & Robison (syn.
Eupatorium odoratum).

Baker’s characterization of an ideal weed was the prelude to many studies on
determinants of successful invaders (Rejmanek & Richardson 1996; Williamson &
Fitter 1996b; Pysek & Richardson 2007). This has led to a series of main hypotheses
(Richardson & Pysek 2006; Alpert 2006; Mitchell et al. 2006; Catford et al. 2009).
Plants can become invasive by escaping from natural enemies in their native range
(enemy release hypothesis) (Keane & Crawley 2002). Plants can adjust their resource
allocation by losing traits that are no longer necessary, e.g. reallocating resources
from herbivore defense to growth (evolution of increased competitive ability
hypothesis) (Blossey & Nötzold 1995) or by escaping physiological trade offs, e.g.
trade-offs between r- and K-strategy (Closset-Kopp et al. 2007) or between growth
and stress tolerance, leading to rapid growth but increased vulnerability to extreme
climatic events (reckless invader hypothesis) (Simberloff & Gibbons 2004; Alpert
2006). Furthermore, plants can fill an ‘empty niche’ because they have specific traits
that do not occur in the native population (empty niche hypothesis) (Elton 1958).
Plants may produce allelopathic chemicals against which natives have not evolved
defence (novel weapons hypothesis) (Callaway & Ridenour 2004) or have the ability
to modify their own abiotic environment in favour of their own growth (ecosystem
engineering) (Crooks 2002). Finally, rapid evolution of invasive plants due to
different selective pressures in the novel habitat may explain their invasiveness
(adaptation hypothesis) (Duncan & Williams 2002; Maron et al. 2004). These hypo-
theses might explain which species are likely to be successful in a new environment.
However, which species actually invade new territories depends not only on the
invasiveness of the species, but on the susceptibility of the community as well.
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Table 1.1 Characteristics of the ideal weed (Baker 1965; Baker 1974).

1. Germination conditions fulfilled in many environments 
2. Discontinuous germination (internally controlled) and great longevity of seed
3. Rapid growth through vegetative (seedling) phase to flowering
4. Continuous seed production for as long as growing conditions permit
5. Self-compatible, but not completely autogamous or apomictic.
6. When cross-pollinated, unspecialized visitors or wind utilized
7. Very high seed output in favorable environmental circumstances
8. Produces some seed in wide range of environmental conditions: tolerant and plastic
9. Has adaptations for short and long-distance dispersal

10. If a perennial, has vigorous vegetative reproduction or regeneration from fragments
11. If a perennial, has brittleness, so not easily drawn from the ground



Community invasibility

Invasibility has been defined as the susceptibility of a community to invasion
(Lonsdale 1999; Davis et al. 2005). Communities differ in invasibility because of
differences in species richness, community assembly, trait spectra, disturbance
regime (history of land-use, herbivory, fire, flooding), successional maturity of the
community, resource availability (nutrients, water) and/or climate (temperature,
rainfall). 

Biotic interactions
Interactions within ecological communities are diverse and complex, and when
introduced into a new environment, species lose the complex biotic interactions with
their native enemies, mutualists and competitors. Instead they acquire new biotic
interactions under new abiotic conditions (Richardson & Pysek 2006; Mitchell et al.
2006). These new biotic interactions can reduce invasibility of the community, for
example when native competitors, herbivores and/or pathogens negatively impact
invasive plants (biotic resistance hypothesis) (Elton 1958; Levine et al. 2004) or when
the new habitat lacks important mutualists of the invasive plants, e.g. pollinators,
mycorrhizal fungi or nitrogen-fixing bacteria (missed mutualisms hypothesis)
(Richardson et al. 2000a; Mitchell et al. 2006). However, new biotic interactions
with invasive species can also increase invasibility of native communities, often
through indirect effects (White et al. 2006).  For example, exotic invasive plants may
accumulate generalist enemies that are less harmful to themselves then to native
species (enemy of my enemy or accumulation of local pathogens hypothesis) (Colautti
et al. 2004; Eppinga et al. 2006), or they may facilitate other invasive species (e.g.
through promoting fire) that cause an invasion domino effect (invasional meltdown
hypothesis) (Simberloff & Von Holle 1999). 

Disturbance and heterogeneity
Next to these biotic interactions that influence community invasibility, the suscepti-
bility to invasion of communities is also dependent on factors such as disturbance,
environmental heterogeneity and resource fluctuations (Catford et al. 2009). Distur-
bance may increase invasibility by providing invading plants an equal chance of
success at colonization and establishment (disturbance hypothesis) (Hobbs & Huen-
neke 1992). Disturbance may also interact with productivity by enhancing invasion
success (dynamic equilibrium hypothesis) (Huston 2004) or by causing fluctuations in
resources that can create windows of opportunity for invasion (fluctuating resources
hypothesis) (Davis et al. 2000). Other types of windows of opportunity also exist,
such as rainfall events (invasion windows hypothesis) (Johnstone 1986). However,
disturbance does not always increase invasibility. Fire has promoted invasion in some
cases and prevented it in others (D'Antonio & Vitousek 1992). D’Antonio et al. 1999
suggested that recent alterations of natural disturbance regimes by humans could
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promote invasion by introduced plants, as native plants are not adapted to this new
disturbance regime whereas invasive plants might be (local adaptation hypothesis)
(D'Antonio et al. 1999). Finally, high levels of heterogeneity might increase invasi-
bility, as an heterogeneous environment harbours a more diverse array of niches that
can potentially host more species (environmental heterogeneity hypothesis)
(Melbourne et al. 2007).

Human-mediated introductions and the role of chance
Next to these intrinsic factors that determine community invasibility, there are also
extrinsic factors or mere chance effects that determine the level of successful inva-
sion into a community, which in turn may affect invasibility. In many intentional
introductions the invasive plant has been introduced repeatedly with large numbers
of propagules, which increases the probability that it will establish and become
dominant (introduction pressure or propagule pressure hypothesis) (Lockwood et al.
2005). Also, the global species pool from which invaders are drawn is far larger than
the regional species pool of natives, which has several implications. First, there is a
greater chance that introduced species are unrelated to native species, which could
promote establishment by reducing competition with close native relatives or
decrease the likelihood of attack by pathogens (Darwin’s naturalization hypothesis)
(Darwin 1859), although support for this hypothesis has not been unambiguous
(Daehler 2001; Duncan & Williams 2002; MacDougall et al. 2009). Secondly, it is
more likely that there will be a competitive dominant (e.g. fast grower) among the
invaders (global competition hypothesis), similar to the ‘selection effect for a domi-
nant species’ in the biodiversity-ecosystem functioning discussion (Hooper et al.
2005). Alpert (2006) explained the global competition hypothesis as follows: ‘Just as
one expects that athletes from the city that hosts an Olympics are unlikely to win
many of the medals, one might expect that the native species in a habitat will be
unlikely to out-compete all of the species that can be introduced there’. This holds
more so because many species have been intentionally or unintentionally selected
for traits that enhance invasiveness and transported to suitable climates (habitat
filtering hypothesis) (Alpert 2006). 

Objectives of this thesis

The main objective of this thesis is to increase our understanding of mechanisms that
govern the invasion of Chromolaena odorata (L.) King & Robison (Asteraceae) in
South African savannas. There is no doubt that C. odorata is a highly successful
invader, but we have no answer to the question of why this species is so successful;
specifically its invasion in African savanna habitat, since previously this species was
known mainly as an invader of forest margins of tropical rainforest. Increasing our
understanding of the ecology of this species and its interactions with the native
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community will allow us to develop better methods to control this invasive shrub. In
this thesis I explore several of the earlier-mentioned hypotheses that might play a
role in this high impact invasion. This thesis is centered on different types of biotic
interactions of C. odorata with the native community. I specifically focus on plant-
plant interactions and plant-soil interactions, under different abiotic conditions and
in the presence of natural disturbances of savannas, like trampling and grazing by
herbivores and fire. 

I studied the invasion of C. odorata in a natural savanna reserve in South Africa,
Hluhluwe-iMfolozi Park. The advantage of studying this invasion in a natural system
is that ecological feedbacks and intricate relationships between different parts of the
ecosystem are still in place at the landscape-level, e.g. a diverse guild of herbivores,
natural disturbances as fire and a highly diverse flora. Hluhluwe-iMfolozi Park is
characterised by high habitat heterogeneity on a relatively small scale, and the level
of invasion by C. odorata differs enormously among habitat types. This is expected to
help in finding out which habitat characteristics contribute to invasion success. In
this savanna system C. odorata forms monospecific dominating stands in certain
habitats, grows interspersed with native vegetation in others, while barely persists in
again other habitats. I hypothesize that the extent of dominance of C. odorata is
partly explained by the existence of two alternate states in savanna systems, i.e.
grasslands and woodlands. Woodlands seem to be far more susceptible to invasion
than grasslands, thereby creating source-sink dynamics with continual re-invasion
from woodlands into grasslands. However, invasion into grasslands does occur regu-
larly, especially under high-rainfall conditions, but we do not yet know whether it is
just a matter of time before C. odorata will invade grasslands too (possibly trans-
forming them to thickets or woodland) or whether there are mechanisms preventing
large-scale invasion into grasslands. 

Study species

Chromolaena odorata, also known as Triffid weed or Siam weed, is a global high
impact invasive species and its invasion is currently not well understood. Because it
generally occurs in remote tropical areas, its invasion has been studied much less
than invaders of the temperate zone. Chromolaena odorata is a perennial, semi-ligni-
fied, shrub averaging 1.5 – 2 m in height and reaching up to 6 m as a climber on
other plants. The species is native in South and Central America but is rapidly
invading a wide variety of ecosystems on other continents, ranging from tropical
rainforests to savannas in most of the Paleotropics (McFadyen & Skarratt 1996;
Kriticos et al. 2005; Raimundo et al. 2007). It invades not only human-altered envi-
ronments, like road verges and abandoned agricultural fields, but also nature
reserves, where it forms dense monospecific stands in (broadleaved) woodlands and
along river courses and forest margins (Figure 1.1). Thereby, the species denies
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human and animal access to invaded areas and out-shades native vegetation
(Goodall & Erasmus 1996). In South Africa this species is highly invasive in
savannas, where it seems to thrive under different climatic conditions than in its
native range (Goodall & Erasmus 1996; Kriticos et al. 2005; Robertson et al. 2008).
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Figure 1.1 A. Invaded broadleaved woodland in the Maphumulo area of Hluhluwe-iMfolozi Park.
B. Chromolaena odorata forming dense infestations along the Hluhluwe river.
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The invasive success of C. odorata is thought to depend on the combination of its
high reproductive capacity, high relative growth rate and net assimilation rate
(Ramakrishnan & Vitousek 1989) and its capacity to suppress native vegetation
through light competition (Kushwaha et al. 1981; Honu & Dang 2000). The species
can reproduce apomictically (Gautier 1992) and has a prolific seed production of
light wind dispersed seeds that are easily dispersed by mammals or vehicles as well
(Blackmore 1998). A single shrub can produce as many as 800 000 seeds (Witkowski
& Wilson 2001). Also the species is a vigorous re-sprouter and able to survive severe
disturbances, like fire or cutting, and resist abiotic stress, especially droughts, by
quickly re-growing from the basal stems (Devendra et al. 1998). Similar to other
climbing herbs with very light wood, the species can be viewed as a ‘structural para-
site’ that profits from the structural investment in durable stems of other species. The
species is quick to lose its leaves and suffers stem die-back when conditions become
bad, but can re-grow rapidly from the living stem-base when conditions change. This
strategy results in impenetrable shrubs with many dead and dry stems that form a
physical barrier as well as a fire hazard in fire-sensitive habitats like gallery and
riverine forests (Macdonald 1983; Macdonald & Frame 1988; Goodall & Erasmus
1996).  

In its native range C. odorata is typically a plant of secondary succession,
growing in forest clearings and along the edges of rivers and savannas (Cruttwell
McFadyen 1988a). It succeeds the pioneer ephemeral herbs and is subsequently
displaced by small trees and bushes and disappears completely when the forest
canopy begins to close. Where agriculture and human activity prevent forest regener-
ation, C. odorata persists as a typical plant of forest edges and paths, abandoned
fields and pastures, building sites, and along roads, railways and streams (Cruttwell
McFadyen 1988a). The species is common and widely distributed from southern
Florida to northern Argentina in areas below 1,500 to 1,000 metres altitude and
receiving over 1500 mm annual rainfall (Cruttwell McFadyen 1988a; McFadyen &
Skarratt 1996; Kriticos et al. 2005; Raimundo et al. 2007). In the Neotropics,
C. odorata is confined to the tropical zone and has not spread into the sub-tropical
areas, as it has in the Paleotropics, nor does it show the aggressive invasive behav-
iour that is displayed in the Paleotropics (Cruttwell McFadyen 1991). The main
factors controlling C. odorata in its native range are presumed to be competition with
the numerous other closely related Asteraceous species and attacks by a large
complex of insects and pathogens, both specialists and generalists (Cruttwell 1972;
Cruttwell McFadyen 1988b; Barreto & Evans 1994). In a study assessing the level of
damage to C. odorata plants due to insect attack, between 25 and 50% of all
growing tips were found to be destroyed (Cruttwell 1972). In contrast, in the Paleo-
tropics only a few phytophagous insects have been recorded to feed on C. odorata
(Kluge & Caldwell 1992). Many specialist insect herbivores to attack leaves, stems
and seeds have been tested for biocontrol programmes (Kluge 1991; Barreto & Evans
1996; Zachariades et al. 1999; Muniappan et al. 2005). 
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The impact of Chromolaena odorata 

The ecological impacts of invaders are often difficult to quantify. There is as yet no
objective definition of impact and the magnitude of impact is a commonly disputed
issue even among undisputable high-impact invasions (Parker et al. 1999). One
generally held view is that greatest impacts arise when invaders strongly affect
important ecosystems processes, such as nutrient cycling or fire regimes (Vitousek
1990; D'Antonio & Vitousek 1992; Brooks et al. 2004). Parker et al. 1999 described a
much-followed approach to impact, where the impact of an invader is determined by
three factors: the geographical range, the abundance and the individual level effect
of the invader. Also it is important to assess the impact of an invader relative to the
impact of (functionally equivalent) native species. For C. odorata its worldwide
geographical range is extensive and its abundance is high throughout most of its
range, yielding a high score for the first two factors. The latter individual level effect
of C. odorata, however, is far more difficult to determine and has been the topic of
many studies. In table 1.2 I have compiled a list of individual level impacts of
C. odorata based on the literature. 

The individual level impacts of C. odorata are highly diverse (table 1.2). It is,
however, difficult to accurately assess the impact of this invasive species, as many
impacts are based on very few studies, such as the impacts on the native flora. For
example, the four references mentioned in table 1.2 were the only references out of
almost 300 papers that assessed the effect of C. odorata on the native flora. Out of
these four papers, only two had the actual aim of studying the impact of C. odorata
on the local flora (De Rouw 1991; Murali & Setty 2001), the other two only
mentioned the effect on the native flora on the side, while its primary focus was on
fallow systems (Slaats 1995) or fungal pathogens (Mangla et al. 2008). Most litera-
ture deals with the socio-economic impact of C. odorata, implying that that the inva-
sion of this species is mainly a socio-economic problem (through impairing
opportunities for agriculture, livestock husbandry and forestry). I believe that in
most of the tropics, this might indeed be the case. In those habitats the invasion
depends on forest degradation (in slash-and-burn agriculture, along road and
railway tracks, in human settlements) and it has been well-described in the literature
that C. odorata disappears once the forests are able to regenerate and the canopy
closes (De Rouw 1991; Joshi 2006). In savanna systems, however, C. odorata is able
to invade natural systems and has potentially far greater impacts. This becomes
apparent in table 2; the impacts on the fauna and the ecosystem-level impacts are
mostly described based on the invasion of C. odorata in South and West African
savannas. 
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Table 1.2 Impacts of C. odorata.

Impacts on flora
Reduces local diversity of native vegetation (Murali & Setty 2001; Mangla et al. 2008) 
Suppresses native vegetation – grasses and forbs (Slaats 1995)
Competition - out-shading & physical smothering (De Rouw 1991)
Destroys the last remnants of lowland forest in South Africa (Macdonald 1983; Liggitt 1983)

Impacts on fauna
Reduces available browse for black rhino (Wagner 2001) en (Howison 2009b)
Hampers crocodile breeding through outshading (Leslie & Spotila 2001)
Reduces available food for gorilla by out-competing the main food source (Zingiberaceae) (Van
der Hoeven & Prins 2009)
Impoverishes the native spider community (Mgobozi et al. 2008)

Socio-economic
Aesthethic (Liggitt 1983)
By shading out Imperata cylindrica denies local people an important source of thatch (McWilliam
2000)
Takes over pastures of subsistence farmers, decreasing carrying capacity for life stock and in
extreme cases in the Philippines has lead to villages being abandoned (McWilliam 2000)
Reduces visibility for ecotourism (Cock 1984)
Reduces quality of pasture (Bani & Le Gall 1996; Bani 2002)
Reducing yields of plantation crops (Lucas 1989)
Impedes access (Liggitt 1983; Cock 1984)
C. odorata acts as a nutrient sink in fallow systems (Norgrove et al. 2000)
Toxic to lifestock, but never proven, might be due to high nitrate levels in the leaves (Coates
2001)

Host for pests 
Acts as alternative food plant to the aphid Rhopalosiphum maidis which is a major pest of maize
(Ganguli & Raychaudhuri 1980)
Acts as host for the aphids Aphis citricolas (Naido 1980), a vector of citrus tristeza virus, and
A. spiraecola (Hall et al. 1972)
Transmits the seed borne fungi : Fusarium solani and F. semitectum (Esuruoso 1971)
Provides breeding grounds for the grasshopper Zonocerus variagatus, which is a major pest on
crops in West Africa (Moder 1984; Boppre et al. 1992; Boppre & Fischer 1994; Moder 1996)

Ecosystem level effects
Allellopathic (Ambika & Jayachandra 1980; Sahid & Sugau 1993; Gill et al. 1996; Ambika
2002a; Sangakkara et al. 2008)
Accumulates local soil-borne fungi (Fusarium spp.) that hamper performance of native species
(Mangla et al. 2008)
Halts natural succession by creating dense thickets (De Foresta & Schwartz 1991)
Increases fire hazard due to flammable foliage (Liggitt 1983; Muniappan & Viraktamath 1993;
Bamba et al. 1993; Tonzibo et al. 2007)
Carries savanna fires into fire-sensitive forests (Macdonald 1983)
Impacts the forests-savanna mosaic (Gautier 1996)
Increases its biomass after fire (Norgrove et al. 2000)
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Study area – Hluhluwe-iMfolozi Park

Hluhluwe-iMfolozi Park is a 90,000 ha reserve in Kwazulu-Natal (KZN), South
Africa, situated between latitudes 28°00’ and 28°26’ S and longitudes 31°43’ and
32°09’ E (Figure 1.2). Initially two separate reserves, Hluhluwe and iMfolozi (former
spelling Umfolozi) were officially proclaimed by the British in 1895 and are the
oldest reserves in colonial Africa (Brooks 2005). Not until 1989 were the reserves
connected by the formal proclamation of the disputed corridor of tribal land
between them, from where people were forcibly removed during the 1940s (Brooks
2005).

The reserve has a coastally modified climate with much of the variability in local
weather being related to topography (Conway et al. 2001). Annual rainfall is strongly
seasonal with most rain falling in the spring and summer, between October and
March. The mean annual rainfall ranges from 1000 mm in the high altitude regions in
the north to 600 mm in the low-altitude south-western areas. Daily maximum
temperatures range from 13º to 35ºC. The reserve is of strong conservation impor-
tance because it hosts a rich and complete set of indigenous large herbivores and
carnivores, including black and white Rhino, buffalo, elephant, nyala, lion, leopard
and wild dog (Brooks & Macdonald 1983). The reserve falls within the southern
African savanna biome and is characterized by vegetation types ranging from open
grasslands to closed Acacia and broad-leaved woodlands (Whateley & Porter 1983).
Next to the savanna habitat, fire-sensitive gallery forests occur in high altitude areas
and riverine forests and wetland communities occur along rivers. Plant species diver-
sity is high with over 1250 vascular plant species recorded, comprising almost 400
woody trees and shrubs and about 150 grass species (Conway et al. 2001).

The vegetation of Hluhluwe-iMfolozi Park, apart from the Corridor area, has
never been subjected to extensive human disturbances and vegetation dynamics are
primarily driven by rainfall, fire and herbivory. An important management practice
in the reserve is the controlled use of fire to burn grasland and control woody shrub
encroachment. In general fire is confined to the grassland and open woodland
communities, with closed woodland and forests tending to exclude fire. Controlled
burning is generally carried out at the end of the dry season (July to September) and
on average 26% of the surface area of the reserve is burned each year (Balfour &
Howison 2001). The vegetation of Hluhluwe-iMfolozi Park is prone to exotic plant
invasions, particularly in the more mesic areas. During the latest exotic plant survey
(Henderson, April 2004) sixty-three invasive and potentially invasive exotic plants
were recorded. The most serious of these include Caesalpinia decapetala, Chromo-
laena odorata, Ipomoea carnea subsp. fistulosa, Lantana camara, Montanoa hibisci-
folia, Melia azedarach, Parthenium hysterophorus, Senna bicapsularis, Senna
didymobotrya, Solanum mauritianum, Solanum seaforthianum, Psidium guajava, and
Tithonia diversifolia (Macdonald 1983; Macdonald & Frame 1988; Henderson 1989;
Henderson 2001). 
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Figure 1.2 (A) The location of Hluhluwe-iMfolozi Park within South Africa, the five management
sections of the Park; Manzibomvu and Nqumeni forming Hluhluwe in the north; Masinda,
Mbhuzane and Makhamisa forming iMfolozi in the south. Dots depict C. odorata high density
sample plots. (B) Major rivers and mean annual rainfall of Hluhluwe-iMfolozi Park. (C) Elevation
of Hluhluwe-iMfolozi Park, ranging from 560 m in the north to 40 m in the south east. (Figure re-
printed from: R.A. Howison, 2009).
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The invasion of Chromolaena odorata in Hluhluwe-iMfolozi Park

The invasion of Chromolaena odorata in Hluhluwe-iMfolozi Park has been well docu-
mented. The species was first observed in 1961 (Macdonald 1983), approximately
15 years after its introduction into South Africa. It was presumably brought in acci-
dentally during World War II in seed-contaminated packaging material offloaded at
Durban harbour, 350 km south of Hluhluwe-iMfolozi Park (Liggitt 1983). Although
other authors suggest that C. odorata has been introduced to South Africa already in
the mid-nineteenth century, when it was found to grow in the Cape Town Botanic
Garden (Zachariades et al. 2004). Chromolaena odorata spread rapidly through the
more mesic habitats of the reserve, mainly in Hluhluwe, the northern part of the
reserve (Figures 1.3 and 1.4) and in 2001 more than 20% of Hluhluwe was covered
with dense infestations (Howison 2009a). Levels of invasion differ per habitat type
and are higher in woodlands than in grasslands (Figure 1.5).

year of first occurence

10 km

not found until 2001
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Figure 1.3 Year of first occurrence of C. odorata per grid cell (0.25 km2), representing the expan-
sion of C. odorata (1978 – 2001) (Data sources: north: O.E. Howison, 2009; south: EKZNW
unpublished data). The map indicates that spatially some areas of the park have been heavily
invaded in the north while the southern areas have remained relatively free of invasion. (Figure
re-printed from: R.A. Howison, 2009).
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Invaded areas are currently under large-scale active mechanical and chemical
control. Current clearing practice consists of hand-pulling and spraying of seedlings
and slashing of established plants followed by herbicide application to the remaining
stumps (Erasmus 1988; Van Gils et al. 2004). Clearing is funded through the
Working for Water Program, which is a national effort responsible for managing
exotic invasive plants in South Africa (Van Wilgen et al. 1998) and the Chromolaena
Clearing Project ‘Impi ka Sandanezwe’. The latter program was established in 2004
by Ezemvelo KZN Wildlife, the provincial nature conservation authority, and the KZN
provincial government and focuses on the clearing of C. odorata in Hluhluwe-
iMfolozi Park and adjacent areas. However, incurred costs of these programs are high
(Marais et al. 2004; Turpie et al. 2008) and continued follow-up efforts are necessary
(Van Gils et al. 2004). This limits success in permanently excluding C. odorata and
the species continues to spread in natural savannas, communal areas and plantations
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Figure 1.4 Cumulative distribution of Chromolaena odorata (1978 – 2001) in Hluhluwe, the
northern part of Hluhluwe-iMfolozi Park. (Data: O.E. Howison 2009, Figure re-printed from: R.A.
Howison 2009).
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along the east coast of Southern Africa (Goodall & Erasmus 1996; Van Gils et al.
2004). Chromolaena odorata has invaded most of West Africa and is currently
expanding from the South and West African populations towards East Africa, though
the exact extent of its African distribution remains unknown. 

Biocontrol has been attempted in Hluhluwe-iMolozi Park. However, establish-
ment of the leaf-mining moth Pareuchaetes insulata, which has proven a successful
agent against C. odorata invasions in Ghana and Indonesia (Zachariades et al. 1999),
has been unsuccessful in South Africa until now. This is possibly due to biotype
incompatibility, cold temperatures or to the presence of a distinct dry season; as C.
odorata sheds all its leaves when conditions become too stressful, the moths do not
survive due to lack of food (Strathie & Zachariades 2004). To date, no specialist
insects have been found that are able to survive the potentially damaging cold
temperatures, fires or dry seasons that are typical of Southern African savannas and
with the help of climate matching exercises the search for suitable biological control
agents continues (Robertson et al. 2008).

Thesis outline

In this thesis I will explore several possible mechanisms that may explain invasive
success of C. odorata. As invasions are always an interplay of both the invasiveness
of the plant and the invasibility of the native community, I will approach this ques-
tion both from a species perspective, e.g. species intrinsic traits, escape from trade-
offs or natural enemies, and from a community perspective, e.g. the role of
disturbance and competition in resisting invasion, the presence of positive or nega-
tive community feedbacks and the role of multiple stable equilibria. 

The South African ecotype of C. odorata, which is thought to have a northern
Carribean origin (Von Senger et al. 2002; Zachariades et al. 2004) is believed to
have different climatic requirements then other invading populations in West Africa,
Asia, Australia and the Pacific (Kriticos et al. 2005; Robertson et al. 2008) as the
species invades in this region under much drier conditions than prevalent in its
native American range. Therefore, competition for water, especially between
C. odorata and native grasses, might be an important factor determining invasion
success and is a central theme in my thesis. Chapters 2 and 4 each deal with this
theme in a different way. In chapter 2 I will explore the effect of competition under
different water availabilities in controlled conditions in the greenhouse and focus on
the seedling stage and the comparison with native range C. odorata. I will discuss
results in the framework of current niche theory and explore whether the observed
climatic shift is due to genetic changes (fundamental niche shift) or changes in
competitive interactions (realized niche shift). In chapter 4 I will examine the effects
of competition with native grasses under different water availabilities in the field,
focusing on both the seedling and adult stages in combination with disturbance.
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Disturbances, such as fire or soil disturbances, are thought to temporarily ‘reset’ the
system, thereby reducing competition and creating windows of opportunity that may
allow species to invade.

In addition to plant-plant interactions, I studied the effect of plant-soil interac-
tions on the invasive success of C. odorata. Release from native soil pathogens may
contribute to the successful colonization of non-native species. In chapter 3 I seek an
explanation for success of C. odorata in the absence of natural enemies in its non-
native range. I investigate if dynamic plant-soil feedback interactions affect growth
and biomass allocation of C. odorata. 

In chapter 5 I use the mechanistic understanding gained in the previous chapters
to explore effective control strategies for C. odorata. I combine conventional clearing
methods with fire in a large-scale field experiment. I show that the presence of (dry)
C. odorata can create intense canopy fires that are able to switch the system from
invaded woodlands into grasslands that have a far lower susceptibility to re-inva-
sion. Therefore, fire-induced vegetation shifts could be used to control the invasion
of C. odorata in the fire-prone habitats of South African savannas. 
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1. A rule-of-thumb in invasion biology is that species invade habitats similar to
their native range. However, there are exceptions to this rule. There are
regular reports of non-native species that invade novel habitats. Empirical field
evidence of shifts in realised niche during biological invasion, however, is still
scarce. 
2. The invasion of Chromolaena odorata, a tropical shrub species invading dry
savannas, is a global high impact invasion that is currently not well understood.
We provide empirical evidence by analysing cross-continental distribution data
that C. odorata has shifted its realised niche towards drier habitat. 
3. In addition we provide an experimental approach to distinguish possible
causes of this realised niche shift, i.e. whether it is caused by a shift in funda-
mental niche (through genetic change), or by changes in the biotic environ-
ment (e.g., release from natural enemies or competitors limiting the species in
its native range) or by a combination of both. Our experiment combines biotic
interactions (competition) with abiotic variation along the niche axis of interest
(water availability) for both invaded and native range individuals. 
4. Our results show that the observed realised niche shift in C. odorata can be
attributed to a combination of niche evolution through trait differentiation as
well as shifts in the competitive environment. However, these processes are
not trivial: contrary to expectations, C. odorata is an inferior competitor in a
dry environment in the seedling stage, but has evolved traits that enable it to
thrive in later life stages which it can reach when temporarily released from
competitors by disturbances.
5. Synthesis. Niche shifts in invasive species can be due to a multitude of
mechanisms on various niche axes. The fact that species can successfully
invade new habitats that were previously regarded as sub-optimal, has major
implications for our understanding of species invasions and suggests that
predictions made by distribution models based on niche conservatism should
be interpreted with care. 

Abstract



Introduction 

Biological invasions are characterised by the uncontrolled spreading of non-native
species (Elton 1958) and are regarded as a major driver of biodiversity change after
land use change, climate change and N deposition (Vitousek et al. 1997; Sala et al.
2000). Invasive species can affect native species diversity, community structure and
alter ecosystem functioning (Mack et al. 2000; Sakai et al. 2001; D'Antonio & Kark
2002; Levine et al. 2003). Understanding the mechanisms underlying species inva-
sions is of fundamental importance if we want to limit their impact. There are
several explanations for the success of some invaders in new environments: release
from natural enemies, historic adaptations to novel human-altered environments,
novel defence systems, utilisation of empty niches, and evolution of invasiveness
(Elton 1958; Blossey & Nötzold 1995; Callaway & Aschehoug 2000; Keane &
Crawley 2002; Callaway & Ridenour 2004; Hierro et al. 2005; Richardson & Pysek
2006). A common rule-of-thumb in invasion biology is that for a species to be able to
establish, persist and spread in a new environment, the set of ecological conditions
in the new environment must approximately match the ecological conditions in their
native environment, a process know as niche conservatism (Wiens & Graham 2005).
This view is used widely to predict the behaviour of invasions in climate matching
models (McFadyen & Skarratt 1996; Kriticos et al. 2005) and ecological niche
modelling (Peterson 2003; Peterson et al. 2003; Thuiller et al. 2005; Morin &
Lechowicz 2008). However, species do not always comply to this rule of ‘environ-
mental matching’ (Broennimann et al. 2007; Pearman et al. 2008; Beaumont et al.
2009; MacDougall et al. 2009) and several cases have been described where species
invade areas with very different environmental conditions than the native range.
Examples include the freshwater invasion of the marine copepod Eurytemora affinis
(Lee 1999), the invasion and range expansion of the house sparrow Passer domes-
ticus throughout many different habitats in North America (Grinnel 1919; Johnston
& Selander 1971; Hamilton & Johnston 1978), the invasion of the non-forest species
Clidemia hirta in Hawaiian forests (DeWalt et al. 2004b), the invasion of the ruderal
forb Verbascum thapsus in undisturbed communities at high elevations in the Sierra
Nevada in California (Parker et al. 2003), and the invasion of Tamarix ramosissima
into colder climates in North America (Sexton et al. 2002). In some of these exam-
ples there is evidence that the invading species has adapted to the new environment
through genetic change (Reznick & Ghalambor 2001), other examples, however,
show that high phenotypic plasticity (Baker 1965; Parker et al. 2003), enemy release
(DeWalt et al. 2004b), or a combination of both adaptive evolution and plasticity can
explain the invasiveness of species (Sexton et al. 2002).

Competitive release, however, has not been mentioned as a mechanism for inva-
sions into novel habitats, even though competition between species is regarded as
the main driving force for adaptive evolution (Aarssen 2001; Ackermann & Doebeli
2004). We ask whether competitive release can mediate invasion into novel habitats
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and argue that niche theory can provide a valuable framework for a better under-
standing of these patterns by incorporating both ecological and evolutionary expla-
nations. 

Hutchinson’s n-dimensional niche distinguishes between a fundamental niche
and a realised niche (Hutchinson 1957). The fundamental niche is defined as the
total set of environmental conditions and resources that allows a species to survive
and reproduce and is determined by the intrinsic, genetically determined traits of a
species. The realised niche is that portion of the fundamental niche where the
species actually occurs when restrictions of other biota, such as competitors, preda-
tors and pathogens, are imposed (Hutchinson 1957; Chase & Leibold 2003). In order
to understand shifts in niche space occurring in invasive species we need to know
what explains these shifts in realised niche, i.e. whether they are due to shifts in the
underlying fundamental niche, caused by genetic change (Fig. 2.1B), whether the

Chapter 2

30

ab
un

da
nc

e

environmental gradient

fundamental niche

C

B

A realized niche

shift in realized niche
due to evolution of
fundamental niche

shift in realized niche
due to alteration in biotic

environment (competitors,
natural enemies)

IN
VA

S
IV

E
 R

A
N

G
E

N
AT

IV
E

 R
A

N
G

E
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shift in realised niche is due to changes in the biotic environment, e.g. competitive
release (Fig 2.1C) or whether there is a combination of both. A shift in underlying
fundamental niche (niche evolution) can occur through adaptive evolution, random
genetic drift or founder effects (Ackerly 2003; Holt et al. 2005). A shift in realised
niche due to changes in the biotic environment occurs when escape from native
biotic control, such as competition or predation, allows a species to occupy habitats
previously unsuitable because of competitive interactions or high predation rates
(Grace & Wetzel 1981). Differentiating between the causes of a realised niche shift
will enable us to gain more insight in the mechanism of species invasions and may
allow us to adjust our control strategies accordingly.

We provide an experimental approach to differentiate between evolution of the
fundamental niche and shift in realised niche space due to competitive release.
Recent work suggests that grassland ecosystems, such as African savannas, are at
high risk of biodiversity change due to the effect of biological invasions (Sala et al.
2000). A drastic example is the invasion of African savannas by Chromolaena
odorata (L.) King & Robinson (Asteraceae), also known as triffid or siam weed. The
invasion of C. odorata is a global high impact invasion that is currently not well
understood. Not only does the species invade tropical rainforests, it also successfully
invades savannas that are much drier than prevailing conditions in its native range
(Goodall & Erasmus 1996; Kriticos et al. 2005; Robertson et al. 2008), indicating a
shift in realised niche. We combined global rainfall data (Hijmans et al. 2005) with
global distribution data for C. odorata (Kriticos et al. 2005) to test for a shift in
realised niche. Subsequently we performed a greenhouse study combining biotic
interactions (competition) with variation in water availability for both invaded and
native range individuals. This allowed us to test for (1) functional genetic change
between invaded and native range C. odorata populations, (2) competitive release in
the invasive range, by comparing C. odorata with a native South African grass,
Panicum maximum Jacq., or (3) a combination of both.

Methods

Study species
Chromolaena odorata is an aggressive invader in the wet tropics and subtropics of
Asia and Africa (De Rouw 1991; McFadyen & Skarratt 1996; Goodall & Erasmus
1996; Kriticos et al. 2005). The species, native to the tropical and sub-tropical Amer-
icas, is typically a forest margin species in its native habitat. It invades not only
human-altered environments, like road verges and abandoned agricultural fields, but
also undisturbed habitats, where it forms dense infestations along river courses and
forest margins (Goodall & Erasmus 1996). In South Africa this species is highly inva-
sive in savannas, where it is thriving under much drier conditions than in its native
range (Goodall & Erasmus 1996; Kriticos et al. 2005) The species is extremely well
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distributed by wind-dispersed seeds, and grows within a few years into large impen-
etrable shrubs 2–6 m in height (Leslie & Spotila 2001; Witkowski & Wilson 2001).
Furthermore the dried stems of C. odorata are highly flammable, posing a fire hazard
during the dry season and increasing natural fire intensity. The species re-sprouts
vigorously and can quickly re-grow after cutting or fire. 

Global distribution of Chromolaena odorata 
The geographical distribution of C. odorata was assessed using ArcGIS 9.1 (ESRI
1995). Worldwide distribution maps of C. odorata were digitised from Kriticos et al.
(2005) and overlaid with global climatic data from the WORLDCLIM database,
version 1.4, release 3 (http://www.worldclim.org; Hijmans et al 2005). We used
rainfall data, calculated as the sum of monthly averages, at the smallest resolution of
1 km2. We used a point-grid with intervals of 1 degree latitude and longitude to
record presence/absence of C. odorata and rainfall (mm) for each point. 

Global distribution data for C. odorata were analysed using logistic regression
models in Statistica 7 (StatSoft Inc.). Annual rainfall was used as predictor in a
second-order polynomial (to account for optima) to predict percentage occurrence of
C. odorata per grid cell for each of four regions: South & Central America (native),
South East Asia & Australia (invasive), Tropical Africa (invasive) and Southern Africa
(invasive). The significance of the linear and quadratic terms were tested using the
Wald statistic. To test whether the C. odorata distribution in the invasive Southern
African range differed significantly from the native range a logistic regression was
performed with rainfall, region and their interaction term as predictors.

Greenhouse experiment
Seeds of Chromolaena odorata were collected in Hluhluwe-iMfolozi Park, South
Africa (S 28º 4’18.52”, E 32º 2’23.74”) and north of the village of Manati in Puerto
Rico (N 18º 24’ 40.95”, W 66º 34’ 39.74”). Panicum maximum seeds were obtained
commercially from McDonalds Seeds, Pietermaritzburg, South Africa. All seeds were
germinated in plastic containers on sterile glass beads in a greenhouse (15/25ºC,
12 h intervals). After germination we transplanted the seedlings in 3900 ml pots
each containing a gamma-sterilised (2.5 kGray) mixture of potting and field soil
(1:1). The experiment was set-up in a randomised block design with a water avail-
ability, species and competition treatment. The response of plant growth to variation
in water availability was determined during a pilot study with different constant soil
moisture levels. Based on the plant responses in the pilot study the high water avail-
ability treatment was set at 50% soil moisture as calculated by dry weight (w/w)
and the low water availability treatment was set at 30% soil moisture (w/w). Below
that level plants in the pilot study did not survive. Moisture levels were kept constant
during the course of the experiment by weighing and watering twice a week. Pots
were covered with tin foil to reduce evaporation. Seedlings of C. odorata from South
Africa and Puerto Rico and seedlings of Panicum maximum were planted in mono-
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cultures and mixed cultures in a full factorial design. The monocultures contained six
individuals of one of the three species. The mixed cultures were planted in both a
replacement design, where the density of plants was kept equal to the density in the
monoculture (2×3 individuals) and an additive design, where equal numbers of
plants were added to the number in monoculture (2×6 individuals). Pots were
randomly arranged within blocks in the greenhouse (25/15ºC, 12 h intervals). Each
block of 18 treatments was replicated five times. To account for differences in light
and temperature within the greenhouse the position of each block was changed
every week. In order to prevent nutrient limitation pots were supplied with full
strength Hoagland solution once a week (Hewitt 1967), beginning two weeks after
planting. To meet increasing plant requirements, the amount of Hoagland solution
was increased at 2-weeks intervals from 12.5 ml to 25 ml and 50 ml and remained
constant after that (Olff et al. 2000). Shade cloth was put around each pot to
prevent interference between pots. To determine the outcome of competition we
measured height and number of leaves per internode once per week. Light penetra-
tion (PAR) was measured biweekly in the monocultures using a lux meter (LUTRON
LX-107), starting in week 5. After 10 weeks the plants were harvested. Photographs
of fresh leaves were taken in order to determine specific leaf area (SLA) and all
leaves and stems were separated per species, dried at 70ºC for 24 hours and
weighed. Leaf area was calculated based on the pictures using the program
Sigmascan Pro 5.0 (SPSS Inc.). Roots were separated in upper and lower half of the
pots (appr. 10 cm each), washed, dried and weighed. To determine the root dry
weight per species in the mixed cultures we assumed an equal root/shoot ratio in
monocultures and mixed cultures (rootsmix = rootsmono/ shootsmono * shootsmix)
(Berendse 1981). 

Data analysis
The greenhouse experiment was analysed separately for the replacement and the
additive design. Relative yields and relative yield totals were calculated based on the
formulas: RY =Ymix/Ymono ; RYT = RYsp1 + RYsp2 (de Wit & Van den Bergh 1965;
Weigelt & Jolliffe 2003) and replacement diagrams were drawn. Relative yields were
tested for each water treatment separately using univariate ANOVA with species as
predictor variable. Water use efficiency (WUE, g/kg) was only calculated for the
monocultures as total biomass (g) divided by total amount of water (kg) used during
the course of the experiment. Leaf weight ratio (LWR, g/g) was calculated as total
biomass leaves divided by total biomass. Specific leaf area (SLA cm2/g) was calcu-
lated by dividing leaf area by leaf biomass. WUE, LWR and SLA were tested using a
mixed model ANOVA with species and water availability as fixed predictor variables
and block as a random factor. The percentage PAR interception was calculated using
the ratio between the above and below canopy measurements for the monocultures
only and tested per week using one-way ANOVA with species as predictor variable. 
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Results

Realised niche shifts: evidence from distribution maps
In all regions the probability of C. odorata occurrence depended on rainfall according
to optimum curves (significant quadratic terms for rainfall for all regions: South &
Central America: Wald = 178.1, p < 0.001, n = 1767; Tropical Africa: Wald = 15.0,
p < 0.001, n = 1630; South East Asia: Wald = 175.7, p < 0.001, n = 2353;
Southern Africa: Wald = 7.75, p = 0.005, n = 342; Fig. 2.2). The occurrence of the
Southern African population of C. odorata has shifted significantly towards lower
annual precipitation as compared to the native range (Wald = 6.06, p = 0.01 (rain-
fall × region), n = 2109; Fig. 2.2). In the native range as well as in the tropical inva-
sive ranges, the optimum of C. odorata occurrence is around 2000 mm annual
precipitation, while in Southern Africa this optimum lies around 750 mm and
C. odorata occurrence is lower in areas with higher annual rainfall than 750 mm/yr. 

Realised niche shift through change in fundamental niche?
Chromolaena odorata from the native and the invasive range had equal relative
yields under high water availability in the replacement design (F1,8 = 0.197, p =
0.673, Fig. 2.3A). However, under low water availability relative yields of C. odorata
from the native range were higher (F1.10 = 5.652, p = 0.045, Fig. 2.3B). Data for
the additive design did not show this difference between high and low water avail-
abilities (F1,10 = 0.728, p = 0.414 (wet); F1,10 = 1.212, p = 0.303 (dry), data not
shown) and plants competed equally well. Plants from both C. odorata populations
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were equally efficient with water, increasing their efficiency slightly under low water
availability (Fig. 2.4A), but showed different leaf allocation patterns. Whereas
C. odorata from Puerto Rico invests in more leaves per unit biomass (LWR: F1,50 =
21.241, p < 0.001, Fig. 2.4B), C. odorata from South Africa invests in leaves with a
higher specific leaf area (SLA: F1,50 = 7.985, p = 0.007 , Fig. 2.4C). Fig. 2.5 shows
the combined effect of SLA and LWR and a clear shift in leaf traits can be observed
between individuals from both C. odorata populations.
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tion between both C. odorata populations. (C,D) Interspecific competition between C. odorata
from South Africa and P. maximum. (E,F) Interspecific competition between C. odorata from
Puerto Rico and P. maximum.  



Realised niche shifts through competitive release?
Chromolaena odorata plants from both populations were out-competed by P. maxi-
mum at both high and low water availability and in both experimental designs. Data
for the replacement design is shown in Fig. 2.3C-E. The effect of P. maximum on
C. odorata from South Africa was stronger than the effect on C. odorata from Puerto
Rico as indicated by their higher F values (South African C. odorata: F1,12 = 43.49,
p < 0.001 (wet); F1,10 = 37.12, p < 0.001 (dry), Fig. 2.3C,D; Puerto Rican C. odor-
ata: F1,12 = 18.59, p = 0.003 (wet); F1,10 = 6.15, p = 0.038 (dry), Fig. 2.3E,F).
Relative yield totals did not differ from one, indicating no niche differentiation
between C. odorata and P. maximum. Data for the additive design showed the same
outcome but with stronger effects (South African C. odorata: F1,8 = 70.624,
p < 0.001 (wet); F1,10 = 41.099, p < 0.001 (dry); Puerto Rican C. odorata: F1,10 =
116.329, p < 0.001 (wet); F1,10 = 42.157, p < 0.001 (dry), data not shown).
Panicum maximum has a higher water use efficiency than C. odorata from both
populations (F2,30 = 487.7, p < 0.001 (species), Fig. 2.4A) and increases its WUE
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under drier circumstances (F2,30 = 3.50, p = 0.046 (water × species)). Block was
excluded from the analysis as it proved to be non-significant. Panicum maximum has
a lower LWR and SLA than C. odorata from both populations (LWR, F2,150 = 354.6,
p < 0.001 (species); SLA, F2,150 = 361.9, p < 0.001 (species), Fig. 2.4B,C). Further-
more, unlike P. maximum, both C. odorata populations react to differences in water
availability by increasing both LWR and SLA when grown under high water availabil-
ities (LWR, F2,150 = 3.276, p = 0.041 (water × species); SLA, F2,150 = 5.512, p =
0.005 (water × species) , Fig. 2.4B,C). Also C. odorata is more efficient in inter-
cepting light, as individuals from both populations intercept 90% of the available
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light after 9 weeks of growth, while P. maximum only intercepts a maximum of 78%
of the available light (F2,30 = 13.77, p < 0.001, Fig. 2.6). Data from both water
availabilities were combined as there was no significant effect of water availability
on PAR interception.

Discussion 

We provided empirical evidence for a shift in realised niche in the Southern African
population of Chromolaena odorata (Fig. 2.2). It has been suggested before that the
Southern African C. odorata population is different in climatic requirements from
other populations both in native and invasive range (Goodall & Erasmus 1996;
Kriticos et al. 2005), but this has never been tested with cross-continental data
before. Our results show that C. odorata occurrence reaches its optimum occurrence
in Southern Africa at a rainfall of 750 mm/yr and has lower occurrence in areas with
higher annual precipitation than 750 mm/yr. In contrast, optimum occurrence in
native and tropical invasive ranges lies around 2000 mm/yr. Therefore areas that are
predicted to be optimal in terms of annual rainfall in its native range are not so in its
invasive Southern African range. In order to establish why C. odorata can be that
successful under drier and previously regarded sub-optimal circumstances, we exper-
imentally tested the causes of the realised niche shift. 

Evidence for evolution of the fundamental niche is not provided by the direct
competition between individuals from both C. odorata populations, but by differenti-
ation in leaf traits and allocation patterns. Our results do not show great differences
in the competitive behaviour between both native and invasive C. odorata popula-
tions as both compete equally well in most treatments, suggesting functionally
equivalence (Hubbell 2001; Alonso et al. 2006; Etienne & Alonso 2007). Also C.
odorata from the invasive range does not use water more efficiently than C. odorata
from the native range, indicating that no mechanism for more efficient water uptake
has evolved in the invasive range. There are, however, differences between both C.
odorata populations in leaf traits and allocation patterns. Individuals from the native
population were typically short with high LWR, whereas individuals from the inva-
sive population grew longer with lower LWR and higher SLA, traits that might allow
for superior light competition. These differences in leaf traits and allocation patterns
between both C. odorata populations were consistent throughout several other
experiments (Te Beest et al. 2009), indicating a genetic basis. As small shifts in a
number of traits can have large consequences in the multidimensional trait spectrum
(Fig. 2.5), the observed trait differentiation might allow invasive C. odorata to
occupy different habitats in the invasive than in the native range, indicating evolu-
tion of the fundamental niche. This shines a new light on the niche-vs.-neutrality
debate: functional equivalence and therefore neutrality may be an accurate descrip-
tion only under specific environmental conditions.
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Increasing SLA is a response to shade and C. odorata has been found to increase
its SLA up to 600 cm2/g under low irradiance levels (Feng et al. 2007). However,
this response is only possible under wet conditions, due to the increased transpira-
tion rate that is the consequence of a high SLA. A higher SLA allows for a shorter
return of leaf investments as the ability to capture carbon increases (Wright &
Westoby 1999) and is strongly correlated with a high relative growth rate (RGR)
(Poorter & Remkes 1990; Wright et al. 2004). In savannas species are adapted to
periods of drought and therefore generally have a low SLA. C. odorata, however, is
invading these systems with a high SLA, consequently suffering high water losses
during periods of drought. Indeed, C. odorata is known to shed its leaves and die
back when conditions become too dry, re-sprouting again from the base when condi-
tions change. Therefore the species is fully suited to persist in savannas as long as no
major droughts occur and with its higher SLA it gains an enormous advantage over
the native vegetation during the growing season, as it allows the species to grow
faster than all others. Additionally, the more favourable light environment in
savannas compared to tropical rainforest will further aid the invasiveness of
C. odorata in savannas. 

Evolution of the fundamental niche can take place post-invasion through rapid
adaptations or genetic drift. High levels of physiological tolerance and plasticity in
the native population, however, can also allow for genetic differentiation and niche
evolution that is determined pre-invasion. The establishment of a limited number of
founders, with a different trait spectrum than the native population, in combination
with clonal reproduction to assure reproductive success without genetic exchange,
may allow favourable differentiated traits to be preserved in the population. Several
studies have indicated high levels of physiological tolerance and plasticity as deter-
minants of invasiveness (Baker 1965; Parker et al. 2003; Richards et al. 2006;
Richardson & Pysek 2006; Geng et al. 2007). Chromolaena odorata is a species with
an extensive native range, therefore experiencing a wide range of ecological condi-
tions throughout its native range, resulting in a wide tolerance to environmental
conditions and high phenotypic plasticity. Furthermore the species is apomictic
(Witkowski & Wilson 2001) and has spread from a limited number of introductions
(Goodall & Erasmus 1996). This indicates that C. odorata did not experience post-
invasion evolution, but rather that pre-invasion trait differentiation resulted in a shift
of the fundamental niche in the invasive range, which has been aided by asexual
reproduction. A study on the molecular systematics of South African C. odorata
populations confirms this, as it showed little genetic variation and high morpholog-
ical homogeneity throughout South African populations (von Senger et al. 2002). 

In the current study we found no evidence for competitive release during initial
establishment to mediate the observed shift in realised niche. The native Southern
African grass, Panicum maximum, proved to be the superior competitor in both low
and high water availability treatments. However, our data on leaf traits and PAR
interception suggest that this competitive inferiority of C. odorata might be only
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temporary and due to the specific life stage of C. odorata that was observed in our
experiment, namely the seedling stage. P. maximum invests less in leaf biomass and
has a significantly lower SLA, indicating less efficient light interception per leaf.
Assuming equal photosynthetic capacity this indicates a lower relative growth rate
(RGR) of P. maximum. Furthermore C. odorata can respond to differences in water
availability by producing more and thinner leaves, suggesting a quick opportunistic
response to favourable circumstances, like periods of high rainfall. Therefore, even
though C. odorata loses the competition in the seedling stage, in the long term these
results suggest that C. odorata might eventually win the competition and become a
superior competitor for e.g. light. 

The competitive inferiority of C. odorata seedlings indicates that the initial estab-
lishment of C. odorata might be a bottleneck for invasion, it may only win if a
‘recruitment niche’ is provided, i.e. release from competition in the seedling stage
(Grubb 1977). Especially in undisturbed savanna grasslands C. odorata is expected
to experience difficulties in invasion. To successfully establish in grasslands a distur-
bance, such as grazing or fire, might be necessary during the seedling stage to
remove the competition intensity and give C. odorata the chance to outgrow P.
maximum (Te Beest, unpubl data). Once the species is established, it can generally
persist in the community for over a decade (Witkowski & Wilson 2001). In the
current study competitive ability was measured only in effects on growth reduction,
while in the long run effects on survival and reproduction are more important on
determining the outcome of competition (Aarssen & Keogh 2002). Competitive
ability will be determined most directly by the relative ability of a plant to produce
offspring for the next generation, and so will the persistence and spread of an inva-
sive species. There are, however, trade-offs between optimal growth, survival and
reproduction. In C. odorata this trade-off manifests itself in the production of many,
yet small seeds, resulting in a high propagule pressure (Witkowski & Wilson 2001).
The disadvantage of having small seeds is a slower initial seedling development, as
shown in our experiment. This is in line with the classical competition-colonisation
trade-off (Tilman 1994; Cadotte et al. 2006). However, the higher RGR of C. odorata
will allow the species to catch up and grow much taller than P. maximum, thereby
having the advantage of being able to out-shade P. maximum. Furthermore several
studies have shown that even if a species is an inferior competitor, it can still be
invasive, e.g. in the presence of disturbance, multiple stable state dynamics, changes
in community size, or environmental variability coupled with recurrent immigration
(Seabloom et al. 2003; Orrock & Fletcher 2005; Long et al. 2007). Savanna systems
with its inherent environmental variability due to disturbance by grazers and fire
and its multiple stable state dynamics (tree-grass mozaics) are perfectly suited to
host species that are inferior competitors, and some of these might become invasive.
Predicting distribution patterns of invasive species in regions outside of their native
range is a fundamental component of early warning systems (Thuiller et al. 2005;
Richardson & Thuiller 2007). These predictions are mostly based on the assumption
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of niche conservatism, the tendency of species to retain most aspects of their funda-
mental niche (Peterson 2003; Wiens & Graham 2005; Holt et al. 2005). When
species experience niche shifts during invasion, their distributions in the invaded
range are not directly predictable anymore from their distribution in the native range
(Pearman et al. 2008; MacDougall et al. 2009). Therefore application of niche-based
distribution models to predict future areas that might be prone to invasion based on
historical distributions can become increasingly inaccurate (Beaumont et al. 2009).
However, Broennimann et al (2007) show that although models might not predict
the full extent of the invasion due to climatic niche shifts, the areas where the
species was first introduced were correctly predicted, therefore still showing its value
in early warning systems. With the current study we showed that niche theory can
provide a novel view on the problem of invasive species. The fact that species can
successfully invade new habitats that were previously regarded as sub-optimal, has
major implications for our understanding of species invasions. With our experi-
mental approach we contributed to a more mechanistic understanding of niche
shifts, suggesting that a multitude of niche axes may play a role. To explore this
further other experiments are necessary, e.g. experiments that include other biotic
factors, such as natural enemies, or a combination thereof together with spatiotem-
poral gradients of abiotic factors.
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Top: Nicola Stevens watering the soil biota experiment. Bottom left: difference in growth form
between native range (Puerto Rico) plants on the left and non-native range (South Africa) plants
on the right. Bottom right: close-up of the experiment. 
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1. Soil communities and their interactions with plants may play a major role in
determining the success of invasive species. However, rigorous investigations
of this idea using cross-continental comparisons, including native and invasive
plant populations, are still scarce. 
2. We investigated if interactions with the soil community affect the growth
and biomass allocation of the (sub)tropical invasive shrub Chromolaena
odorata. We performed a cross-continental comparison with both native and
non-native-range soil and native and non-native-range plant populations in
two greenhouse experiments. 
3. Results are interpreted in the light of three prominent hypotheses that
explain the dominance of invasive plants in the non-native range: the enemy
release hypothesis, the evolution of increased competitive ability (EICA)
hypothesis and the accumulation of local pathogens hypothesis.
4. Our results show that C. odorata performed significantly better when grown
in soil pre-cultured by a plant species other than C. odorata. Soil communities
from the native and non-native ranges did not differ in their effect on C.
odorata performance. However, soil origin had a significant effect on plant
allocation responses. 
5. Non-native C. odorata plants increased relative allocation to stem biomass
and height growth when confronted with soil communities from the non-
native range. This is a plastic response that may allow species to be more
successful when competing for light. This response differed between native
and non-native-range populations, suggesting that selection may have taken
place during the process of invasion. Whether this plastic response to soil
organisms will indeed select for increased competitive ability needs further
study. 
6. Panicum maximum did not perform worse when grown in soil pre-cultured
by C. odorata. Therefore, our results did not support the accumulation of local
pathogens hypothesis. 
7. Synthesis. Non-native Chromolaena odorata did not show release from soil-
borne enemies compared to its native range. However, non-native plants
responded to soil biota from the non-native range by enhanced allocation in
stem biomass and height growth. This response can affect the competitive
balance between native and invasive species. The evolutionary potential of
this soil biota-induced change in plant biomass allocation needs further study. 

Abstract



Introduction 

Invasive plants are a threat to natural and semi-natural ecosystems world-wide and
invasions are taking place at an unprecedented rate (Elton 1958; Vitousek et al.
1997; Mack et al. 2000). Several hypotheses have been formulated to test mecha-
nisms that might explain plant invasions. When invaders are assisted by humans to
cross natural dispersal barriers they can become released from control by their
natural enemies, a process known as enemy release (ER) (Keane & Crawley 2002).
Pathogens in a new range may lead to natural selection for genotypes with less allo-
cation to defence and increased allocation to growth and reproduction, leading to
evolution of increased competitive ability (EICA) (Blossey & Nötzold 1995). Also,
invasive species may indirectly facilitate their own performance in the non-native
range by accumulating soil organisms that are adverse to native plant species, a
hypothesis known as accumulation of local pathogens (ALP) (Eppinga et al. 2006).
Here, we consider an invasive plant species from these three perspectives in relation
to interactions with soil biota.

Soil biota may play an important role in the regulation of plant diversity (Van der
Putten 2003; Van der Heijden et al. 2008). They can influence succession, plant
abundance, plant competition and plant community composition (Van der Putten et
al. 1993; Bever 1994; Van der Putten & Peters 1997; Klironomos 2002; De Deyn et
al. 2004; Kardol et al. 2006). The interactions between plants and their associated
soil communities can, therefore, result in dynamic feedback where plants influence
soil organisms and soil organisms in return influence plants (Bever et al. 1997;
Wardle et al. 2004). The outcome of these interactions can range from negative to
neutral or positive. Interactions are considered negative when the net effects of all
soil pathogens, root herbivores, symbiotic mutualists and decomposers reduce plant
performance, whereas interactions are considered positive when the benefits brought
about by symbionts and decomposers overwhelm the negative effects of soil
pathogens and root herbivores and enhance plant performance (Bever et al. 1997;
Wardle et al. 2004). Negative interactions enhance plant community diversity by
exerting density-dependent control (Packer & Clay 2000; Klironomos 2002; Reinhart
et al. 2003) and speed up successional replacement (Van der Putten et al. 1993). The
rate at which plants promote soil-borne pathogens differs among species (Van der
Putten et al. 1993; Klironomos 2002), functional groups (Kardol et al. 2007) and
successional position (Kardol et al. 2006).

In the native range of plants, specialized pathogenic soil organisms often domi-
nate the net effects of plant–soil interactions, resulting in negative effects on plant
performance (Kulmatiski et al. 2008; Petermann et al. 2008). In the non-native range
where the natural soil-borne enemies are absent, interactions with non-specialized
mutualistic soil biota may positively influence plant performance (Klironomos 2002;
Reinhart et al. 2003; Callaway et al. 2004; Van Grunsven et al. 2007). The enemy
release hypothesis states that when exotic plants experience a decrease in regulation
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by their specialist enemies, the abundance of these plant species in their novel range
will increase rapidly, as they are able to profit from a reduction in enemy regulation,
resulting in increased population growth (Keane & Crawley 2002). Traditionally,
studies on enemy release and exotic plants have focused mostly on (specialized)
insect herbivores. However, recent studies have found support for the enemy release
hypothesis with respect to soil-borne enemies of plants (Reinhart et al. 2003; Beck-
stead & Parker 2003; Callaway et al. 2004; Reinhart & Callaway 2004; Knevel et al.
2004; Van Grunsven et al. 2007; Van der Putten et al. 2007).

According to the evolution of increased competitive ability (EICA) hypothesis,
exotic invasive plants benefit from the absence of enemies in their non-native range
through less need for defence, which selects for genotypes with greater allocation of
resources to growth and reproduction (Blossey & Nötzold 1995). These genotypes
would then have a competitive advantage over the native vegetation. This hypoth-
esis stems from the observation that plants often grow bigger and more vigorous in
their non-native than in their native range (Leger & Rice 2003; Jakobs et al. 2004).
Tests of the EICA hypothesis have yielded mixed results (Van Kleunen & Schmid
2003; Siemann & Rogers 2003; Bossdorf et al. 2005), and the majority of studies
have focused only on plant size and fecundity as a proxy for competitive ability and
fitness (Willis et al. 2000; Van Kleunen & Schmid 2003; Vila et al. 2003; Siemann &
Rogers 2003; Bossdorf et al. 2004; Jakobs et al. 2004). However, shifts in biomass
allocation patterns may also create a competitive advantage for the introduced
species. This may lead to, for example, enhanced shade tolerance by increasing
specific leaf area, increased allocation to structures that promote plant height,
enhanced photosynthetic capacity by increasing leaf mass per unit area or enhanced
water-use capacity by increasing allocation to root tissue (Schlichting 1986; Pattison
et al. 1998; Grotkopp et al. 2002; DeWalt et al. 2004a; Feng et al. 2007; Morrison &
Mauck 2007; Meyer & Hull-Sanders 2008). Alternative to increasing competitive
ability, evolution might as well reduce competitive ability if a species experiences less
competition in the non-native range and if competitive ability involves traits with a
fitness cost attached to them. This is core to the evolution of reduced competitive
ability (ERCA) hypothesis; reduced competitive ability can be beneficial for invasive
species that mainly have intraspecific competitive interactions (Bossdorf et al. 2004).
These hypotheses have not yet been tested in conjunction with release from soil-
borne pathogens, although shifts in allocation patterns are known to be triggered by
changes in the soil community (D'Hertefeldt & Van der Putten 1998; Bourne et al.
2008).  

Several reports have shown that exotic plants can cultivate a soil community that
is beneficial to their own growth (Klironomos 2002; Reinhart et al. 2003; Reinhart &
Callaway 2004). This will contribute to the escape of exotic plants from density-
dependent control (Bever 2003) and, consequently, may result in dense mono
specific stands in the non-native range. This is certainly not the only soil-borne influ-
ence on plant invasiveness, as exotic plants may, for example, disrupt mycorrhizal
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communities (Stinson et al. 2006) and alter decomposition (Kourtev et al. 2003) in
the non-native range. Alternatively, exotic invasive plants may enhance the abun-
dance of local soil pathogen communities, thereby indirectly outcompeting native
plants, a phenomenon described in the accumulation of local pathogens hypothesis
(Eppinga et al. 2006). Accumulation of local pathogens has been found for Chromo-
laena odorata and Ageratina adenophora in Asia (Niu et al. 2007; Mangla et al.
2008). A preferable approach to studying plant invasions is to compare the perform-
ance of the invasive plant in native and non-native soils (Hierro et al. 2005). Few
studies have examined plant performance in relation to native and non-native soil
communities within the same experimental set-up (Reinhart et al. 2003; Callaway et
al. 2004; Knevel et al. 2004). So far, no study has examined how interactions with
the soil community may influence biomass allocation patterns in native and non-
native ranges. Our new contribution is that we compared effects of soil communities
on plant performance in both native and non-native-range soil using both native and
non-native plant populations.

In the present study we investigate whether dynamic interactions between plants
and their soil community affect growth and biomass allocation of the (sub)tropical
invasive shrub Chromolaena odorata (L.) King & Robinson (Asteraceae, Eupatorieae).
Chromolaena odorata originates from South and Central America and is a major
threat to the biodiversity and functioning of a wide variety of ecosystems, ranging
from tropical rainforests to savannas (McFadyen & Skarratt 1996; Kriticos et al.
2005; Raimundo et al. 2007). Chromolaena odorata is a perennial semi-lignified
shrub forming tangled bushes 1.5 – 2 m in height and reaching up to 6 m as a
climber on other plants. The species can reproduce apomictically (Gautier 1992) and
has a prolific seed production of light, wind-dispersed seeds. A single shrub can
produce as many as 800 000 seeds (Witkowski & Wilson 2001). Chromolaena
odorata forms dense monospecific stands along river courses and forest margins,
thereby outshading most native vegetation and denying humans and animals access
to invaded areas (Goodall & Erasmus 1996). The invasive success of C. odorata is
thought to depend upon the combination of its high reproductive capacity, high rela-
tive growth rate and net assimilation rate (Ramakrishnan & Vitousek 1989) and its
capacity to suppress native vegetation through light competition (Kushwaha et al.
1981; Honu & Dang 2000). In its native range C. odorata is controlled by a large
number of insects and pathogens, both specialists and generalists (Cruttwell
McFadyen 1988b; Barreto & Evans 1994). In its non-native ranges, however, only a
few phytophagous insects feed on C. odorata (Kluge & Caldwell 1992). Many
specialist insect herbivores that attack leaves, stems and seeds have been tested for
potential inclusion in biocontrol programmes (Kluge 1991; Barreto & Evans 1996;
Zachariades et al. 1999; Muniappan et al. 2005). Very little is known, however,
about potential biocontrol by soil-borne pathogens. 

We performed a cross-continental comparison with native and non-native-range
soils and native and non-native-range C. odorata populations. In two greenhouse
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experiments, one with fresh field soil and one with conditioned soil, we determined
biomass production and allocation responses to native and non-native-range soils in
order to test the enemy release hypothesis. We also determined the allocation
patterns of the native and non-native-range C. odorata populations in soils from the
native and non-native ranges in order to test for indications of evolution of
increased competitive ability. In the second experiment a native co-occurring grass,
Panicum maximum Jacq., was added to test the accumulation of local pathogens
hypothesis.

Methods 

Seed and soil collection
We collected C. odorata soil and seeds from three different sites in the plant’s non-
native range in Hluhluwe–iMfolozi game reserve, South Africa (28º 4’18.52” S, 32º
2’23.74” E) in November 2004 and from three different sites in its native range in
northern Puerto Rico (18º 24’ 40.95” N, 66º 34’ 39.74” W) in February 2005. The
closest sites were at least 10 km apart; therefore plants from the different sites were
regarded as different populations. We specifically choose Puerto Rico to sample
C. odorata populations as previous work has shown that South African C. odorata is
likely to have originated from the Northern Caribbean (Von Senger et al. 2002;
Zachariades et al. 2004). Within each site three replicate soil samples of 1.5 – 2 kg
were collected from the rhizosphere of C. odorata shrubs by randomly selecting three
shrubs of c. 1.5 m height. Soil was collected by digging up each shrub and carefully
collecting all soil that remained connected to the root system. These soil samples
from the same plant species (conspecific soils) were pooled per site. Seeds were
collected from several separate plants and pooled per site as well. We used the same
soil sampling procedure to collect rhizosphere soil from grass tussocks approximately
20 m away from each C. odorata shrub sampled. The grass tussocks had a finer root
structure, but the roots occurred in the same soil layer as C. odorata roots. These soil
samples (called heterospecific soils as they were from a different plant species) were
combined per site as well. The most abundant grass species in these tussocks in both
ranges was Panicum maximum. This grass species can grow up to 2 m tall and is
native to South Africa while invading large parts of South and Central America.
Panicum maximum seeds were obtained commercially from McDonalds Seeds, Pieter-
maritzburg, South Africa. We included Panicum maximum in the present study, as it
is an important competitor for C. odorata in its non-native range, South Africa (M. te
Beest, unpublished data). Also, as P. maximum co-occurred with C. odorata in both
ranges it could be used to pre-culture heterospecific soils (i.e. soils pre-cultured with
a species other than C. odorata) of both native and non-native ranges in experiment
2. It is not known which herbivores and pathogens control this species in its native
range. 
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Experimental set-up

EXPERIMENT 1
To test whether native and non-native-range soils have different effects on growth
and biomass allocation of native and non-native C. odorata we performed a green-
house experiment with an inoculum of fresh field soil. The experiment was
performed at the Biological Centre in Haren, the Netherlands. In experiment 1 we
grew C. odorata plants from both the native and non-native ranges in 1500-mL pots
with 1250 g of field soil (based on dry wt.) that we obtained locally and that had
been sterilized by γ-irradiation (40 kGy). Soil was then inoculated with 250 g of
either sterilized or non-sterilized inoculum. We used inocula originating from the
native as well as the non-native ranges, collected from conspecific (C. odorata) or
heterospecific (grass) rhizospheres. We used C. odorata seeds from one site in the
native range and one site in the non-native range. Seeds were germinated in plastic
containers on sterile glass beads in a greenhouse (14/10 h light/dark at 16/22°C)
and then transplanted into the pots, one plant per pot.

The experiment was set up as a randomized block design. Soils from the three
sites per range were kept separate as replications within a block and each block was
replicated three times, totalling 144 pots: 2 soil origins (native vs. non-native) × 3
sites per range × 2 soil sources (conspecific vs. heterospecific) × 2 plant origins
(native vs. non-native) × 2 sterilisations × 3 replicates. To account for differences in
light and temperature within the greenhouse the position of each block was changed
every week. Moisture levels were kept constant at 30% (w/w) by weighing and
watering twice a week, and pots were covered with tin foil to reduce evaporation. In
order to prevent nutrient limitation, pots were supplied with full-strength Hoagland
solution once a week (Hewitt 1967), starting two weeks after planting to avoid salt
stress (Olff et al. 2000). To meet increasing plant requirements, the amount of
Hoagland solution was increased at 2-week intervals from 12.5 mL to 17.5 mL and
eventually 30 mL and then remained constant until the end of the experiment. 

We measured height and number of leaves per internode once per week.  After 10
weeks, when the soil volume was well colonized, the plants were harvested. Leaves,
stems and roots were separated. Roots were washed and all plant parts were dried at
70°C for 48 h and weighed. Photographs of all fresh leaves of each plant were taken
to determine leaf area and analysed using the program Sigmascan Pro 5.0 (SPSS Inc.,
Chicago). Specific leaf area was calculated by dividing the leaf area by the dry weight
of the leaf sample. In order to measure differences in allocation between plants, leaf
weight ratio (LWR), stem weight ratio (SWR) and root weight ratio (RWR) were
calculated by dividing the biomass of each plant part by the total biomass.

EXPERIMENT 2
To test for effects of native and non-native soil communities on growth and biomass
allocation of native and non-native C. odorata we conditioned soil from experiment
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1 to set up experiment 2. For logistic reasons we combined the soils from the
different sampling sites per range.  Next, we cultured the native and non-native soil
with either a conspecific (C. odorata) or a heterospecific (P. maximum) plant,
resulting in four soil treatments: native range/conspecific, native range/heterospe-
cific, non-native range/conspecific and non-native range/heterospecific. All treat-
ments were replicated six times. Experiment 2 had four stages. We first cultured the
soil by growing the same plant species three times in succession (stages one to
three), using one plant per pot. Plants were harvested after 10 weeks, when the soil
volume was colonized by roots. Then, a new plant was planted in the same soil.
Native and non-native conspecific soils were planted with native and non-native
C. odorata, respectively. Native and non-native heterospecific soils were planted with
P. maximum. At the end of the second stage, colonization of roots by arbuscular
mycorrhizal fungi was measured under a dissecting microscope using the gridline
intersect method (Giovannetti & Mosse 1980). In stage four, we sterilized half of the
pre-cultured soil by autoclaving for 3 h at 120°C. We planted each of the plant popu-
lations and species (non-native-range C. odorata, native-range C. odorata and
P. maximum) on each of the soil treatments, while keeping the six replicates sepa-
rate, totalling 144 pots (2 soil origins (native vs. non-native) × 2 soil pre-culture
treatments (conspecific vs. heterospecific) × 3 plant populations/species × 2 steriliza-
tions × 6 replicates). The replicates were kept separate throughout the four stages of
the experiment. The experimental procedure was the same as for experiment 1,
except that we filled the 1500-mL pots with 1200 g of the local sterilized field soil,
which we then inoculated with 300 g of sterilized or non-sterilized pre-cultured
inoculum. Also, we used much lower nutrient levels to avoid negative effects on the
soil community; for example, nutrient supply might suppress root infection by arbus-
cular mycorrhizal fungi. During stages one, two and three of the experiment, pots
were supplied with 15 mL of 25% Hoagland solution once every two weeks. In stage
four, we applied 20 mL full-strength Hoagland only once, in the fifth week of the
experiment, to avoid side effects of the nutrients. Furthermore, we separated above-
ground biomass into primary (main stem and leaves directly attached to it) and
secondary (stems branching off the main stem and leaves attached to these) biomass
and did not calculate specific leaf area (SLA).

Data analysis
Experiment 1 was analysed for the overall effects of soil biota on growth and alloca-
tion of both C. odorata populations using a mixed-effects model ANOVA with a split-
plot design in R (R Development Core Team 2008), as we collected the soil in a
nested design on different scales, from continent to site to rhizosphere. Therefore,
the factor soil origin (native vs. non-native) was treated as the highest level, nested
herein were consecutively site, soil source (conspecific vs. heterospecific), steriliza-
tion (sterile vs. non-sterile soil), and plant origin (native vs. non-native). Site was
treated as a random factor. As all factor levels except site were both hierarchical and
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informative (fixed), a split-plot design was used rather then a nested design. We
tested for differences among fixed-effect levels in total biomass; leaf, stem and root
biomass; leaf, stem and root weight ratio (LWR, SWR, RWR); height; internode
length; and specific leaf area (SLA).

Experiment 2 was analysed for the same overall effect of soil biota on growth and
allocation of both C. odorata populations using a mixed-effects model ANOVA with
soil origin (native vs. non-native), soil pre-culture treatment (conspecific vs. hetero-
specific); sterilization (sterile vs. non-sterile soil) and plant origin (native vs. non-
native) as fixed factors. Block was added as a random factor in the ANOVA model to
reduce variability due to different planting cycles and positions in the greenhouse. We
did not use a split-plot design here as we did not have hierarchical levels anymore in
this design. To test for plant–soil interactions we calculated inoculation effects as the
proportional reduction in total biomass production by the inoculated (non-sterilized)
soil community: (total biomass non-sterilized soil – total biomass sterilized soil)/
total biomass sterilized soil (Van Grunsven et al. 2007). We analysed the data for both
C. odorata populations with a three-way ANOVA using soil origin (native vs. non-
native), pre-culture treatment (conspecific vs. heterospecific) and plant origin (native
vs. non-native) as fixed effects. To test for accumulation of local pathogens (ALP) we
calculated inoculation effects for P. maximum and compared them to non-native-range
C. odorata for non-native-range soil only using a two-way ANOVA with pre-culture
treatment (conspecific vs. heterospecific) and species (C. odorata vs. P. maximum) as
fixed effects. We excluded the data from four pots in which the plants died. Mycor-
rhizal colonization was tested with a two-way ANOVA with range (native vs. non-
native) and species (C. odorata vs. P. maximum) as fixed effects. Analyses for
experiment 2 were carried out using SPSS 14.0.0 (SPSS Inc., Chicago).

Results

Effects of soil treatments on growth and allocation patterns of C. odorata

EXPERIMENT 1
Biomass of native and non-native C. odorata plants did not increase when grown in
non-native-range soil, contrary to predictions based on the enemy release hypoth-
esis. However, we observed significant shifts in biomass allocation patterns as a
response to the soil treatments. Non-native-range C. odorata responded to soil biota
from the non-native range by investing significantly more in stem biomass, both in
terms of relative and absolute stem biomass (soil origin × plant origin: SWR: F1,16 =
7.94, p = 0.01, Fig. 3.1A; Stem biomass: F1,16 = 11.3, p < 0.01). Stem biomass of
non-native C. odorata plants increased by two-thirds and relative allocation to the
stems by a quarter when plants were grown in non-native-range soil relative to
native-range soil. The investment in stem biomass of non-native C. odorata plants
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was highest in non-native-range conspecific soils, with more than a third of the total
biomass allocated to stems (soil origin × soil source × plant origin, SWR: F1,16 =
5.73, p = 0.03). Interestingly, this higher investment in stem biomass did not occur
in C. odorata plants grown from seeds originating from the native range (Fig. 1A).
Stem allocation in non-native C. odorata showed a trade-off with root allocation
(RWR), which was more than 25% lower in conspecific soils from the non-native
range (soil origin × soil source, RWR: F1,4 = 14.2, p = 0.02, Fig. 3.1B). About half of
the total biomass was allocated to leaves. Leaf allocation did not respond to soil
range, but was 5% higher in conspecific soils relative to heterospecific soils (F1,4 =
13.08, p = 0.02). 

The effect of soil sterilization on plant performance was consistent for both
C. odorata populations. Total biomass increased by almost 30% in sterilized soils
relative to non-sterilized soils (total biomass: F1,8 = 22.8, p = 0.001), suggesting a
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Figure 3.1 Experiment 1. Relative biomass allocation to stem (A) and root (B), expressed as the
ratio stem:total weight (SWR) and root;total weight (RWR). The data presented are based on
populations of Chromolaena odorata originating from the native (left) and non-native (right)
ranges. All plants were grown in soil from the native and non-native range (as indicated on the x-
axis). The soil was collected from rhizospheres of conspecific or heterospecific plant species.
Mean values (± SE) are shown. Different letters denote significant differences in post hoc tests
after one-way ANOVA.  



net negative effect of soil biota for both the native and non-native ranges. Again
opposite to the enemy release hypothesis, the effect of sterilization was most
pronounced in non-native-range soils, where biomass increased by almost 50% (soil
origin × sterilization, total biomass: F1,8 = 9.94, p = 0.01). In sterilized soils almost
20% more biomass was allocated to roots relative to non-sterile soils (RWR: F1,8 =
5.87, p = 0.04), at the expense of leaf biomass (LWR: F1,8 = 6.85, p = 0.03). Stem
allocation (SWR) did not respond to sterilization. We did not find significant
changes in specific leaf area in response to the soil and sterilization treatments.

EXPERIMENT 2
Experiment 2 showed the same growth and allocation patterns of C. odorata as
found in experiment 1. Soil treatments did not affect total biomass, but stem alloca-
tion increased with by 10% at the expense of root allocation in non-native-range soil
relative to native-range soil (SWR: F1,5 = 22.1, p < 0.01; RWR: F1,5 = 22.6,
p < 0.01), while leaf allocation did not significantly respond to soil treatments. Allo-
cation to root mass was again lowest in conspecific pre-cultured soils (soil pre-
culture treatment, RWR: F1,5 = 14.3, p < 0.01). Interestingly, in this experiment
there were no significant interactions between soil treatments and plant origin. The
effects of soil sterilization were similar to experiment 1 as well. Overall, total
biomass increased by almost 20% due to sterilization (F1,5 = 6.05, p = 0.057) and
sterilization effects were most pronounced in the roots, with a 20% increase in root
allocation (root biomass: F1,5 = 28.3, p < 0.01; RWR: F1,5 = 38.6, p < 0.01) at the
expense of investment in leaves (LWR: F1,5 = 32.6, p < 0.01), while stem allocation
did not respond to sterilization. 

To test if interactions with the soil community affect performance of C. odorata
we calculated inoculation effects. Figure 3.2 shows the effect of inoculation with pre-
cultured soil on biomass of C. odorata. We did not find a difference in inoculation
effects between native and non-native-range soils (F1,36 = 0.12, p = 0.73),
providing no evidence for the enemy release hypothesis. However, there was a differ-
ence in response to soil inoculation between native and non-native-range popula-
tions of C. odorata. Non-native C. odorata had significantly more biomass when
grown in soil that was inoculated with soil pre-cultured by P. maximum, irrespective
of the range where the soil originated from (pre-culture treatment: F1,36 = 15.0,
p < 0.001; plant origin: F1,36 = 10.0, p < 0.01; pre-culture treatment × plant origin:
F1,36 = 3.55, p = 0.07). Interestingly, native C. odorata did not show positive inocu-
lation effects, although plants in non-native-range soil had relatively more biomass
when the soil was pre-cultured with P. maximum rather then with C. odorata. This
result indicates an enemy release response in heterospecific soils from which non-
native C. odorata is able to benefit most. 

Native vs. non-native C. odorata populations (Experiments 1 & 2)
When comparing native and non-native C. odorata populations to test the potential
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for evolution of increased competitive ability (EICA), both experiments showed the
same patterns. Contrary to EICA predictions, total biomass did not differ between
plants from native and non-native ranges (F1,16 = 0.36, p = 0.56; F1,5 = 0.07, p =
0.80, for experiments 1 and 2, respectively). However, in both experiments there
were consistent differences in biomass allocation. Native-range-plants invested
significantly more biomass into leaves (leaf biomass: F1,16 = 15.8, p = 0.001; F1,5 =
22.7, p < 0.01; LWR: F1,16 = 7.89, p = 0.01; F1,5 = 21.4, p < 0.01, for experiments
1 and 2, respectively) and secondary shoots (F1,5 = 41.4, p = 0.001, experiment 2),
while non-native range plants invested significantly more biomass into stems and
stem elongation (stem biomass: F1,16 = 62.9, p < 0.001; F1,5 = 21.4, p < 0.01;
SWR: F1,16 = 252, p < 0.001; F1,5 = 292, p < 0.001; height: F1,16 = 27.4, p <
0.001; F1,5 = 23.8, p < 0.01; internode length: F1,16 = 57.8, p < 0.001, F1,5 = 17.6,
p < 0.01, for experiments 1 and 2, respectively). As a result, native-range plants were
shorter and more densely branched, whereas non-native-range plants were taller and
more erect. Moreover, the increased stem allocation of non-native C. odorata when
grown in non-native-range soils further amplified these differences in growth form
(Fig. 3.1A).  Interestingly, in experiment 2 we found that non-native C. odorata
plants performed better when grown in soils pre-cultured with the heterospecific
grass P. maximum as compared to soil pre-cultured with conspecifics (Fig. 3.2). This
could be indicative of enemy release in heterospecific soils. We did not find signifi-
cant changes in specific leaf area between the two C. odorata populations. 
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Accumulation of local pathogens (Experiment 2)
Based on the accumulation of local pathogens hypothesis we expected growth of
P. maximum to be negatively affected when grown in soil pre-cultured with non-
native C. odorata plants. Interestingly, we did not observe this, but found the oppo-
site pattern. Panicum maximum performed better when grown in soil that was
pre-cultured with non-native C. odorata (Fig. 3.3). For C. odorata we found the same
pattern, as it performed better when grown in soil that was pre-cultured with
P. maximum than with a conspecific (species × pre-culture treatment: F1,19 = 9.52, p
< 0.01). Hence, C. odorata does not hamper growth of the native species P.
maximum in non-native South African soils. 

Interestingly, root colonization by arbuscular mycorrhizal fungi significantly
differed between ranges and between the two plant species. In South African soil
non-native-range C. odorata plants had 35.1% (± 1.44%) of their root length colo-
nized with AMF, whereas in Puerto Rican soil native-range C. odorata had 61.3% (±
4.81%) colonization. Panicum maximum roots had far lower colonization rates, 6.2%
(± 1.92%) vs. 15.8% (± 0.11%) in South African vs. Puerto Rican soils (range: F1,4

= 89.7, p < 0.001; species: F1,4 = 385, p < 0.001 ). 
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Discussion

Our experiments did not support the enemy release hypothesis that the high abun-
dance of C. odorata in its non-native South African range is due to reduced negative
effects from the soil community on plant performance. If C. odorata has escaped
from native soil pathogens, it may have encountered novel pathogens in the non-
native range (Beckstead & Parker 2003; Knevel et al. 2004). Alternatively, in the
non-native range the mutualistic soil organisms may have a lower benefit to the
plants than in the native range. We analysed root colonization by arbuscular mycor-
rhizal fungi and showed that plants from the non-native range had half the amount
of root colonization compared to plants from the native range. Although root colo-
nization is not necessarily indicative of mycorrhizal effectiveness, it could be that
there is a lower arbuscular mycorrhizal benefit in the non-native range of C. odorata.
A lower mycorrhizal benefit in combination with a lower pathogen pressure could
still lead to a net negative effect of the soil community on plant performance. There-
fore, enemy release cannot be completely excluded. 

Interestingly, there were substantial shifts in biomass allocation in response to the
soil biota. Non-native-range C. odorata plants had a greater allocation to stem
biomass and height growth when confronted with soil communities from the non-
native range, which is a well-described plastic response of plants that allows them to
be more successful when competing for light (Valladares et al. 2000; Valladares
2007). Allocation responses have also been found when confronting clonal plants
with arbuscular mycorrhizal fungi (Streitwolf-Engel et al. 1997) or soil pathogens
(D'Hertefeldt & Van der Putten 1998). In C. odorata these allocation effects might
have a genetic component, as there was a difference between plants originating from
native and non-native ranges and all plants were grown under equal conditions,
presumed that there were no maternal effects (Bossdorf et al. 2005). Our results
suggest that plants from the non-native range have responded to soil biota from that
same range by investing more in traits, such as stem elongation, that allow these
plants to be more successful in competing for light. Whether these traits are under
selection in the non-native range cannot be concluded from this experiment. 
Soil organism-driven allocation effects have been overlooked in the invasive plant
literature thus far, as previous studies on responses of invasive species to the soil
communities in their native and non-native ranges mostly have considered total
biomass (Reinhart et al. 2003; Callaway et al. 2004; Reinhart & Callaway 2004).
Although the differences in allocation patterns are no direct test of the evolution of
increased competitive ability (EICA) hypothesis, they point towards evolutionary
changes that may play a role in the invasion of C. odorata in South Africa. Several
studies have shown that shifts in allocation patterns other than increased size may
promote a competitive advantage of the invasive species (Pattison et al. 1998; Feng
et al. 2007; Morrison & Mauck 2007; Meyer & Hull-Sanders 2008). Therefore, inter-
actions of C. odorata with soil biota from the non-native range have lead to the selec-
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tion of genotypes with a competitive advantage for light interception in mixed stands
with native species. Light competition is extremely important in moist and nutrient-
rich habitats along river courses and forest margins, where C. odorata occurs
(Goodall & Erasmus 1996; Witkowski & Wilson 2001). Furthermore, being a helio-
phyte (Gautier 1992), C. odorata does not reproduce in shaded conditions
(Witkowski & Wilson 2001). Interestingly, these soil organism-driven allocation
patterns did not become expressed in the specific leaf area (SLA). 

Contrary to the accumulation of local pathogens hypothesis, non-native-range C.
odorata did not appear to accumulate local soil pathogens, as there was no detri-
mental effect of pre-culture with C. odorata on the co-occurring native grass species
P. maximum. Accumulation of local pathogens has been suggested for C. odorata in
Asia (Mangla et al. 2008), suggesting context dependence of this phenomenon.
Differences in plant–soil interactions between similar species invading different
novel ranges may occur more often (Levine et al. 2004; Wolfe & Klironomos 2005).
For example, the net effect of plant–soil interactions for the dune grass Ammophila
arenaria varied from neutral to negative between soils from different non-native
populations (Knevel et al. 2004). In soil from the non-native range of C. odorata,
P. maximum shows increased biomass production in soils pre-cultured by C. odorata.
This is in line with our personal field observations in South Africa that two to three
months after clearing dense C. odorata stands, P. maximum successfully establishes
and becomes the most abundant species.

Our results show that non-native C. odorata is not able to cultivate a soil commu-
nity that has a net beneficial effect on its own growth, as was described in previous
studies on invasive exotic plants (Klironomos 2002; Reinhart et al. 2003). However,
C. odorata does increase its performance when grown in soil pre-cultured by
P. maximum, which is native to the invaded range. We argue that this might be a
valuable strategy for plants that reproduce prolifically and hence have little difficulty
in dispersing to adjacent habitats. Interestingly, the positive effect of the heterospe-
cific soil community will only aid C. odorata in the establishment phase. As soon as
the species is established, it will start cultivating a soil community that negatively
affects its growth. At that point in its life history other factors might promote its
invasive behaviour, for example rapid growth rate, high specific leaf area, prolific
seed production and high sprouting ability (Kushwaha et al. 1981; Ramakrishnan &
Vitousek 1989; Devendra et al. 1998). The positive effect on plant performance in
soil pre-cultured by P. maximum was strongest for plants from non-native C. odorata
populations, which were overall experiencing a less negative interaction with the soil
community than plants from the native range. This suggests that there may be selec-
tion operating on plants from the non-native range allowing the plants to better cope
with their soil environment. Such selection may promote, for example, higher plas-
ticity in allocating energy towards roots, as was detectable by comparing plants in
non-native-range soil in con- and heterospecific soils. The mechanisms through
which C. odorata interacts with the soil community are still to be clarified. Previous
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studies have shown that pyrrolizidine alkaloids are present in roots of C. odorata
(Biller et al. 1994; Thoden 2007). These compounds are known to play a role in the
defence against generalist herbivores (Joshi & Vrieling 2005; Macel et al. 2005).
However, whether they play a role in herbivore defence in C. odorata as well requires
further study. 

Our data show that, in the case of C. odorata, soil biota from the native vs. non-
native range influenced plant biomass allocation between roots and stems, whereas
soil biota of conspecific vs. heterospecific rhizopheres influenced the direction of
dynamic plant–soil interactions. These results suggest that there are two different
processes that operate on different spatial and temporal scales (Van der Putten 2003;
Bever 2003; Levine et al. 2006). On a large scale, when plants are transported
between different continents, they encounter new soil communities with new below-
ground interactions, which may change, or select for, allocation patterns and hence
ecological strategy and performance. This process is most likely acting on a relatively
long time scale, because most invasive species experience a lag phase between
arrival and becoming dominant in their novel range. This is in line with enemy
release- and evolution of increased competitive ability-type processes. On a local
scale, however, dynamic plant–soil interactions become more important, leading to
differences in soil communities between conspecific and heterospecific rhizospheres
that have either positive, negative or neutral effects on the overall performance of
invading plant species. These processes, like accumulation of local pathogens, may
act on a relatively short time scale and have been suggested as a possible mechanism
promoting the invasion of exotic species (Reinhart et al. 2003; Reinhart & Callaway
2004; Eppinga et al. 2006). 

Positive effects of the soil community on the plants alone is not enough for a
species to become invasive in its new environment (Levine et al. 2006; Reinhart &
Callaway 2006). However, positive soil effects could lead to high abundance of
plants (Klironomos 2002). Our results suggest that dynamic interactions between
individual plants and their soil communities could select for changes in allocation
patterns of perennial invaders, which will indirectly influence the competitive ability
or, in the case of a heliophytic species like C. odorata (Gautier 1992; Witkowski &
Wilson 2001), the reproductive potential of an invader. Enhanced amounts of
propagules available for invasive spread in a species’ new environment will promote
invasiveness. We propose that plant–soil feedback needs to be considered in the
context of all other interactions of invasive species with native species and the
abiotic environment. We conclude that soil communities may indirectly play an
important role in shifting the competitive balance between native and invasive
species through changed allocation patterns. Understanding of complex interactions
between plants and soil communities in a more evolutionary context (Macel et al.
2007) is needed for the development of a comprehensive view on plant invasions.
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Top left: Khanyi Mpandza taking measurements in the Phumzumlomo competition experiment.
Top right: Sipho Khumalo and Maarten van Hoppe cutting grass to set-up the competition
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1. Native species have been observed to reduce the invasion success of exotic
plant invaders through competitive interactions. However, the underlying
mechanisms are often poorly understood, e.g. which resources are competed
for, and in which life history stage competitive suppression is most important.
Also, the interplay of competitive interactions with natural disturbances (e.g.
through native large herbivores or fire) is often unclear: do they promote or
inhibit invasions? 
2. We performed two field experiments in natural African savanna grasslands
that are under strong threat of the exotic invasive shrub Chromolaena odorata.
Firstly, we performed an experiment to study seedling performance in native
grassland. We created small-scale soil and grass disturbances mimicking
natural disturbance by large native herbivores and consecutively burned the
grassland to study the interaction with fire. Secondly, we examined the effect
of competition by native grasses on growth, survival and reproduction of
established shrubs, under different water availabilities.  
3. Seedling survival of the invader was severely hampered in undisturbed
savanna grasslands, with mortalities of up to 80% in unburned grasslands and
up to 95% in burned grasslands. Soil disturbance (simulated herbivore tram-
pling) however strongly increased survival, while grass clipping (simulated
grazing) did not. When disturbances were combined, seedling survival of the
invader was highest, both in the burned and unburned savanna.
3. Competition with native grasses reduced the growth of established C.
odorata plants by more than 50%, independent of water availability. Also
reproductive output of C. odorata was severely reduced through competition
with native grasses. However, competitive interactions did not induce higher
mortality rates. This indicates that although growth and reproduction are
slowed down, established C. odorata shrubs are able to persist and reproduce
in grasslands once they are established. As water availability did not affect the
outcome of competition, competition is likely to be for other resources than
water.
5. We show that seedling establishment is the main bottleneck for C. odorata
invasion in natural savanna grasslands. Disturbances might allow seedlings to
escape to the next life stage, where they, although hampered in growth and
reproduction, can persist for prolonged periods of time. Hence, disturbances
created by native herbivores might facilitate the invasion of C. odorata in
natural savanna grasslands and increase post-fire survival. 
6. Synthesis. We conclude that biotic resistance from natural grasslands does
slow down C. odorata establishment, growth and reproductive output, but is
not sufficient to fully inhibit the C. odorata invasion that currently endangers
the biodiversity of African savannas.
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Introduction 

Understanding the mechanisms that determine biological invasions is of funda-
mental importance to limit their impact on biodiversity and ecosystem functioning
(Mack et al. 2000; Levine et al. 2003; Rejmánek et al. 2005; Richardson & Pysek
2006). A widely accepted view in invasion ecology is that successful invaders, next
to having specific traits that might enhance their competitive ability (Baker 1965;
Rejmanek & Richardson 1996), must overcome biotic resistance, which is defined as
the reduction in invasion success caused by the native community (Levine et al. 2004;
Mitchell et al. 2006). Native species can affect colonising invaders in several different
ways, e.g. through competition, predation, herbivory and/or pathogens (D'Antonio &
Thomsen 2004). However, generalizations are difficult to make, especially as
processes driving invasions are likely to change over time (Dietz & Edwards 2006).

Most work on biotic resistance has focussed on plant competition, especially
related to resistance from plant communities with high species richness and/or func-
tional group diversity (Case 1990; Levine & D'Antonio 1999; Naeem et al. 2000;
Kennedy et al. 2002; Byers & Noonburg 2003; Fargione & Tilman 2005). However,
to what extent and how competition from the resident plant community hampers
invasion is still not fully understood, especially for tropical ecosystems. Many studies
in temperate and Mediterranean grasslands have shown that native plant communi-
ties are able to reduce invasion success by exotic invaders through competitive inter-
actions, but often not completely repel them (Mazia et al. 2001; Corbin & D'Antonio
2004; Cano et al. 2007). Furthermore, interactions with abiotic conditions and/or
disturbances may intensify or reduce competitive interactions between invader and
resident community. Competitive exclusion of exotic plants has been reported from
habitats where invasive plants already struggle to persist due to abiotic constraints,
such as lack of water (D'Antonio 1993; Levine et al. 2004; Going et al. 2009). In
contrast, disturbance may temporarily reduce or suspend competition, hence
increasing susceptibility of communities to invasion (Johnstone 1986; Jesson et al.
2000; Davis & Pelsor 2001). 

Many invasive plants have been suggested to require disturbances to temporarily
lift competition barriers and gain a foothold in the novel environment (Hobbs 1989;
Hobbs & Huenneke 1992; Davis et al. 2000; Sheppard et al. 2002; Barger et al.
2003). Small-scale and short-lived disturbance events can therefore have a dispro-
portionately large effect on invasion success (Davis & Pelsor 2001), for example if
they (briefly) promote the establishment of long-lived species, so-called windows of
opportunity (Johnstone 1986). Especially invaders that are competitively inferior
during a particular life-history stage (e.g. species establishing from seed) can hugely
benefit from small scale, short-lasting disturbances (Seabloom et al. 2003; Loydi &
Zalba 2009). In savannas, frequent disturbances are inherent to the system (Archer
et al. 1996), as fire and grazing or trampling by herbivores may open up grass
swards and create local suitable germination conditions for novel species (Johnstone
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1986; Barger et al. 2003; Loydi & Zalba 2009).  Also large-scale disturbance effects
of fire and herbivory generally create heterogeneous mosaics of woodlands and
grasslands in savannas (Scholes & Archer 1997; Sankaran et al. 2005), that may
have different susceptibilities to exotic plant invasions. 

The effect of competition and disturbance on invasion success is likely to change
with the life history stage of a species, especially in long-lived woody plants (Closset-
Kopp et al. 2007). Woody plants have very different requirements during their life
history and likewise may react differently to competition with resident species and
disturbance, with seedlings in general being the most vulnerable stage. Resident
communities might therefore only be able to successfully reduce invasion success by
exotic plants during certain stages in their life history, e.g. seedling establishment
(Davis & Pelsor 2001; Sheppard et al. 2002; Barger et al. 2003). However, a meta-
analysis by Levine et al. (2004) suggested that effects of biotic resistance acted
mostly on spread and population growth of invasive plants, as seedling establish-
ment and initial colonization are often not completely repelled. 

We studied the combined effects of competition and disturbance during different
life stages of Chromolaena odorata (L.) King & Robinson (Asteraceae), a woody
invader of natural savanna systems in Southern Africa. The species originates from
South and Central America and is rapidly invading a wide variety of (sub)tropical
ecosystems, ranging from tropical rainforests to savannas, in most of the Paleotropics
(McFadyen & Skarratt 1996; Kriticos et al. 2005; Raimundo et al. 2007). In South
Africa this species is highly invasive in natural savannas, where it is thriving under
much drier conditions than where it was previously know to exist (Kriticos et al.
2005). Chromolaena odorata behaves like an herbaceous plant during early life
stages, while transforming into a semi-lignified multi-stemmed climbing shrub 1.5 –
2 m in height at older age. In natural savannas the species preferably grows in moist
environments in broadleaved woodlands, along rivers and forest margins, and occurs
much less in intact grasslands, possibly indicating biotic resistance to invasion of
natural savanna grasslands. The species has a prolific seed production of light wind
dispersed seeds that are also easily dispersed by both mammal fur and vehicle tires
(Blackmore 1998). Chromolaena odorata is a vigorous resprouter and older shrubs
are able to survive severe disturbances, like fire or cutting, and resist abiotic stress,
especially droughts, by quickly regrowing from the basal stems (Devendra et al.
1998). The species is quick to loose its leaves and suffer stem die-back when condi-
tions become bad, re-growing again from the living stems and/or rootstocks when
conditions change. This strategy results in dense monospecific stands of impene-
trable shrubs that form a physical barrier, denying human and animal access to
invaded areas and outshading native vegetation (Goodall & Erasmus 1996). 

In the current study we will test if competition with resident grasses hampers
invasion by C. odorata in different life stages, and if competitive interactions are
modified by natural disturbances or water availability. We performed two field
experiments in a natural savanna reserve in South Africa. Firstly, we studied whether
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small-scale disturbances of the soil and grass layer, simulating herbivore trampling
and grazing, increased seedling performance, and explored how fire and shading by
native savanna trees affected this. Secondly, we studied the effect of competition
with resident grasses on performance of older C. odorata shrubs under different
water availabilities. We hypothesise that (1) C. odorata cannot readily invade intact
savanna grasslands due to competitive interactions with the resident vegetation, and
that effects of competition differ between seedling and adult life stages, (2) small-
scale disturbances, such as created by large herbivores, increase seedling establish-
ment and performance, thereby creating invasion windows for C. odorata, (3)
large-scale disturbances, like fire, have a direct negative effect on seedlings establish-
ment, and (4) effects of competition from the resident vegetation are stronger under
more unfavourable abiotic circumstances, i.e. lower water availability or shading by
native savanna trees.

Methods

Study area
Hluhluwe-iMfolozi Park is a 90 000 ha reserve in Kwazulu-Natal, South Africa, situ-
ated between latitudes 28°00’ and 28°26’ S and longitudes 31°43’ and 32°09’ E.
Annual rainfall is strongly seasonal with most rain falling in the spring and summer,
between October and March. The mean annual rainfall ranges from 1000 mm in the
high altitude regions in the north to 600 mm in the low-lying south-western areas.
Daily maximum temperatures range from 13º to 35ºC. The reserve is of strong
conservation importance because it hosts a rich and complete set of indigenous large
herbivores and carnivores, including Black and White Rhino, Buffalo, Elephant,
Nyala, Lion, Leopard and Wild Dog (Brooks & Macdonald 1983). Hluhluwe-iMfolozi
Park falls within the southern African savanna biome and is characterized by vegeta-
tion types ranging from open grasslands to closed Acacia and broad-leaved wood-
lands (Whateley & Porter 1983). Next to the savanna habitat, fire-sensitive gallery
forests occur in areas with high altitude and rainfall and riverine forests and wetland
communities occur along rivers. Plant species diversity is high with over 1250
vascular plant species recorded, of which almost 400 woody trees and shrubs and
about 150 grass species (Conway et al. 2001). The vegetation of Hluhluwe-iMfolozi
Park has never been subjected to extensive human disturbances (e.g. agriculture)
and vegetation dynamics are primarily driven by rainfall, fire and herbivory. An
important management practice in the reserve is the controlled use of fire to burn
grassland and control woody shrub encroachment. In general fire is confined to the
grassland and open woodland communities, with closed woodland and forests
tending to exclude fire. Controlled burning is generally carried out at the end of the
dry season (July to September) and on average 26% of the surface area of the
reserve is burned each year (Balfour & Howison 2001). 
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Study species
The vegetation of Hluhluwe-iMfolozi Park, particularly in the more mesic areas, is
prone to exotic plant invasions. During the latest survey (Henderson, April 2004)
sixty-three invasive and potentially invasive exotic plants have been recorded in this
park. The most threatening of these include Caesalpinia decapetala, Chromolaena
odorata, Ipomoea carnea subsp. fistulosa, Lantana camara, Montanoa hibiscifolia,
Melia azedarach, Parthenium hysterophorus, Senna bicapsularis, Senna didymobotrya,
Solanum mauritianum, Solanum seaforthianum, Psidium guajava, and Tithonia diver-
sifolia (Macdonald 1983; Macdonald & Frame 1988; Henderson 1989; Henderson
2001). Chromolaena odorata is viewed as the biggest threat to ecosystem functioning
an biodiversity, and is now widespread with about 20% of Hluhluwe (the northern
section of the park) covered with dense infestations (Howison 2009).  These areas
are now under active mechanical and chemical control, however, with limited
success in permanently excluding C. odorata and the species continues to spread in
natural savannas, communal areas and plantations throughout Southern Africa
(Goodall & Erasmus 1996; Van Gils et al. 2004). Current clearing practice consists of
hand-pulling and spraying of seedlings and slashing of established plants followed
by herbicide application to the remaining stumps (Van Gils et al. 2004). In addition,
biological control has been applied on several occasions, but, although promising
biocontrol agents have been tested in laboratories, field trials in savannas with a
distinct wet and dry season have been unsuccessful so far (Kluge 1991; Barreto &
Evans 1996; Zachariades et al. 1999; Muniappan et al. 2005). 

Experimental set-up

SEEDLING EXPERIMENT

In March 2006 we laid out an experiment to test for the effects of soil and grass
disturbance and fire on seedling survival and biomass. Additionally we planted
seedlings under tree canopies of native savanna trees to test for the effects of
shading on seedling performance. The experiment was situated in a natural
encroached grassland dominated by tall bunch grasses near the Hluhluwe Research
Centre in the northern section of the park at about 900 mm/yr average rainfall. The
experiment was set-up according to a randomized block design, with six replicate
blocks of ten plots each. Treatments were allocated randomly and consisted of soil
disturbance, grass clipping, soil disturbance and grass clipping, no disturbance and
shading by a tree canopy. Half of the plots per block were burned. The soil distur-
bance treatment consisted of ploughing small squares of approximately 10 cm3

where all plant parts were removed and soil was loosed up, simulating trampling
effects of large herbivores. The grass disturbance treatment consisted of clipping the
grass short, to a height of approximately 5 cm, simulating grazing by large herbi-
vores. The vegetation was clipped before planting the seedlings and hand-clipped
around the seedlings throughout the course of the experiment. Burning was
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performed in June 2006 by the Working for Fire team under guidance of the park’s
management staff. Each block was burned separately and the fire was a low to
moderately intense grassland fire. 

Plots measured 1 by 2 meters and were surrounded by a 0.5 meter border treated
similarly as the plots to avoid edge effects. In each plot 18 seedlings were planted in
two 1 m2 grids. Seedlings were evenly spaced with 30 cm distance between each
seedling. Lanes of 1 m wide were created between the plots to allow easy access. All
seedlings were collected in the adjacent woodland area, which was cleared of
C. odorata two months before the start of this experiment. Hundreds of seedlings
had newly establishing under and near the litter of the cleared C. odorata bushes.
These seedlings were carefully collected, planted in germination trays for two weeks
before replanting into the plots. Transplanted seedlings (< 6 weeks) were maximum
5 cm in height and had two leaves next to the cotyledons. Dead seedlings were
replaced once, two weeks after initial planting. Plots were watered directly after
seedling transplantation. 

The experiment was monitored for one year and all seedlings were harvested in
March 2007. Monitoring consisted of measuring seedling height and mortality, light
interception and soil moisture. Light interception of the grass canopy was measured
two times in the beginning and end of the experiment using an AccuPAR LP-80 PAR
ceptometer (Decagon Devices, Inc.). The AccuPAR LP-80 measures the photosynthet-
ically active radiation (PAR) in µmol m-2s-1 and calculates leaf area index (LAI).
Measurements were taken above and below the grass canopy to calculate percentage
light interception (% PAR). Volumetric soil water content was measured monthly for
the first 5 months using a Theteprobe ML2x (Delta-T Devices Ltd). Six replicate
measurements were taken per plot. Height of the C. odorata seedlings was measured
and mortality assessed biweekly initially, then with a lower frequency, amounting in
total to 17 measurements over the course of the experiment. After harvesting
seedlings were separated into leaves, stems and roots. Roots were washed and all
plant parts were dried at 70ºC for 48 hours and weighed.

COMPETITION EXPERIMENT WITH ESTABLISHED SHRUBS

From March to June 2005 a field experiment was set up in a natural grassland in
close proximity of the seedling experiment and the Hluhluwe Research Centre (900
mm/yr annual rainfall). The grassland was dominated by the tall bunchgrass species
Cymbopogon excavatus, Panicum maximum, Themeda triandra, Eragrostis curvula and
Chloris gayana and with some invasion of C. odorata. The aim of the experiment was
to test for the effect of competition with native grasses on growth and reproduction
of established C. odorata shrubs under different watering (rainfall) regimes. The
experiment was set up according to a randomized block design, with four replicate
blocks and nine 3×4 m plots per block, each subjected to a water and a competition
treatment. The water treatment consisted of 3 levels: 100% of ambient rainfall, 75%
of ambient rainfall (25% reduction) and 50% of ambient rainfall (50% reduction).
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Figure 4.1 shows the rainfall data at the experimental site for 2005 and 2006. The
competition treatment consisted of natural grassland, natural grassland planted with
C. odorata and a C. odorata monoculture. Plots were spaced one meter apart to avoid
interaction effects and allow easy access. Prior to establishment of the experiment all
large shrubs and C. odorata plants were removed from the experimental area and
one third of the plots were cleared of all vegetation to allow for the set-up of the
C. odorata monocultures. Plots were planted with 12 adult C. odorata shrubs that
were obtained from the direct vicinity of the experiment. We choose plants of similar
age (> 1 year) that were approximately 1m in height with a single lignified stem.
Plants lost their leaves shortly after transplantation due to water stress and addi-
tional water was supplied for the first month to enable plants to recover. Water treat-
ments were installed after this recovery period. Different water levels were aimed for
by placing 10 cm wide half-pipes (transversely cut sewage pipes) with and without
10 cm spaced holes at ground level between the vegetation, at a 10 cm distance
from each other (Figure 4.2A). In each plot equal numbers of pipes were evenly
spaced over the plot area, in total covering half of the area of the plot. To account for
the effect of the half-pipes on the vegetation we placed half-pipes in all treatments.
For the 100% water treatment all half-pipes contained holes, allowing all rain to
penetrate into the soil. For the 75% water treatment half of the half-pipes had holes
(Figure 4.2B) and for the 50% treatment none of the pipes had holes. Pipes in the
75% and 50% water treatments were placed tilted by elevating them to 30 cm height
on one side of the plot to facilitate run-off through them (Figure 4.2A). Perpendic-
ular to these pipes at the bottom, we placed another pipe without holes that was
attached to a barrel to collect the run-off, which were emptied regularly outside the
experiment.

The experiment was monitored for nearly two years from July 2005 to February
2007, after which the whole experiment was harvested. During the experiment we
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monitored stem diameter, height, canopy diameter and number of flowering shoots of
individual C. odorata shrubs as well as ambient rainfall and soil moisture. Individual
C. odorata shrubs were measured every month for height, diameter of the canopy at
breast height and number of flowering shoots and every second month for stem
diameter. Ambient rainfall was measured continuously for the duration of the experi-

Biotic resistance to plant invasion

69

A

B

Figure 4.2 Lay-out of the watering treatment in the competition experiment with established
Chromolaena odorata shrubs. A: Overview of a 3×4 m plot with the treatment C. odorata monocul-
ture at 75% of ambient rainfall. B: Detail of the half-pipes with and without holes in the same plot.



ment. Volumetric soil water content was measured once per month for the 1st year
using a Theteprobe ML2x (Delta-T Devices Ltd), after which the device broke down.
Six replicate measurements were taken per plot. In February 2007 all above-ground
grass biomass was harvested per plot and weighed. A sub-sample was dried at 70ºC
for 48 hours and weighed to estimate dry weight of the whole plot. Subsequently all
C. odorata shrubs were harvested and separated into leaves, stems and roots. Roots
were washed and all plant parts were dried at 70ºC for 48 hours and weighed.

Data analysis
Seedling experiment. We analysed how the different disturbance treatments (soil
disturbance, grass clipping, soil disturbance and grass clipping, no disturbance and
shading by a tree canopy) affected the abiotic environment using data on light pene-
tration (%PAR penetration) and soil moisture. Data for light penetration was
normalized using square root transformation and %PAR penetration and LAI of the
native vegetation were tested with two-way ANOVA with disturbance treatment and
fire as fixed effects. We only used the light data measured at the end of the experi-
ment to be able to include the post-burn effect. For soil moisture we only had pre-
burn data. We tested for treatment effects using one-way ANOVA, including date as a
random effect.

Seedling survival was tested with Cox regression. In a first analysis we tested the
effects of soil disturbance, grass clipping and fire on seedling survival, excluding the
tree shading treatment from the analysis. In a second analysis differences between
individual disturbance treatments including the effect of tree shading were tested for
non-burned and burned plots separately. 

We assessed growth and allocation of C. odorata seedlings with three-way ANOVA
with soil disturbance, grass clipping and fire as fixed effects, excluding the tree
shading treatment from the analysis. Growth parameters included total biomass,
height and stem diameter at the time of harvest. Allocation parameters included leaf
weight ratio (LWR), stem weight ratio (SWR) and root weight ratio (RWR). These
were calculated by dividing the biomass of each plant part by the total biomass.
Mortalities were excluded in the analyses of the growth parameters, so as not to
confine the data with seedling survival. We tested the effect of tree shading on
growth and allocation of C. odorata against the control plots with one-way ANOVA.
The effect of tree shading was not tested in combination with fire as surviving
seedlings were too few. Block was initially included as a random effect in all
analyses. However, the effect of block and all interactions with block did not test
significant in any of the analyses and was therefore excluded from the final analyses.
All analyses were performed using SPSS 14.0 (SPSS inc., 2005).

Experiment with established shrubs. We tested if treatments affected soil moisture
levels with a two-way ANOVA model, with the competition and water treatment as
fixed effects and date added as a random effect. To quantify the effect of competition
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we calculated the ratio between the mix and monocultures as total aboveground
biomass in mixed cultures / total aboveground biomass in monoculture (Weigelt &
Jolliffe 2003). We tested for differences between mix/mono ratios of C. odorata and
native grasses with independent t-tests with unequal variances. To determine
whether plants were hampered by interspecific competition we performed one-
sample t-tests to test the mix/mono ratio against 1, which is the point where
biomass in the mixed cultures equals biomass in the monocultures and there is no
effect of competition. 

In a second analysis, we analysed the effects of the competition and the water
treatment on C. odorata survival using Cox regression. Finally, we analysed the effect
of the competition and the water treatment on performance of C. odorata with two-
way ANOVA. Block was added as a random factor in the model. Response variables
included total biomass, height and canopy diameter of C. odorata at the time of
harvest and number of flowering shoots per m2. The number of flowering shoots per
m2 was calculated by dividing the maximum number of flowering shoots per plant
during a 4-month flowering period (June-Sept 2006) by the surface area of the
plant. The latter was estimated by regarding the shrub as a cylinder and calculating
the surface area of this cylinder using canopy diameter and height. In order to
measure differences in allocation between individual C. odorata plants, leaf weight
ratio (LWR), stem weight ratio (SWR) and root weight ratio (RWR) were calculated
by dividing the biomass of each plant part by the total living biomass (excluding
dead stems) and tested with the same ANOVA model. Mortalities were excluded in
the analyses on growth and allocation parameters, so as not to confine the growth
and allocation response with survival. 

Results

Seedling experiment
The disturbance treatments significantly affected the light and water conditions in
the plots (LAI: F4,50 = 12.1, p < 0.001, %PAR penetration: F4,50 = 6.97, p < 0.001,
Soil moisture: F4,16 = 20.8, p < 0.001, Figure 4.3). Grass clipping had the largest
effect on the light environment, while soil disturbance mostly influenced the avail-
able moisture levels in the soil. Light penetration to the soil surface was lowest in the
undisturbed grassland and under tree canopies, both of which had highest LAI. Soil
moisture levels were lowest in treatments with soil disturbance, and highest in treat-
ments with disturbance of the grass layer and under tree canopies, suggesting that
disturbance relaxed competition for water. Fire uniformed the grass layer and
decreased the differences between disturbance treatments, except for the tree
shading treatment.

Seedling survival was significantly reduced by fire (Wald = 60.2, p < 0.001,
Figure 4.4), with only 5% of seedlings surviving the first year when the undisturbed
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grassland plots were burned. Soil disturbance significantly increased survival rates
(Wald = 29.1, p < 0.001), while grass clipping did not affect survival (Wald = 0.21,
p = 0.64). C. odorata seedlings had highest survival rates in treatments where both
the soil and the grass layer were disturbed prior to planting, both in the non-burned
plots as well as in the burned plots. The percentage of surviving seedlings was 45%
in the non-burned plots and 22% in the burned plots. Tree shading also positively
affected seedling survival, with 44% of seedlings surviving under tree canopies when
plots were not burned. However, when these plots were burned survival rates
dropped to only 6%. 
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Figure 4.5 shows the effect of the disturbance treatments on growth and alloca-
tion of C. odorata. Total biomass increased under influence of small-scale distur-
bances (Soil disturbance: F1,193 = 10.1, p < 0.01, Grass clipping: F1,193 = 3.40, p =
0.07, Figure 4.5A). Biomass was highest in treatments with both soil disturbance and
grass clipping and lowest in undisturbed grassland. Fire did not affect seedling
biomass. Height was mostly affected by the clipping treatment, which increased
seedling height (F1,193 = 10.6, p < 0.01). Soil disturbance also increased seedling
height, while fire decreased the height (Soil disturbance: F1,193 = 8.80, p < 0.01,
Fire: F1,193 = 8.15, p < 0.01). Stem diameter followed a similar pattern as biomass.
Soil disturbance and grass clipping increased the stem diameter of the seedlings,
while fire did not affect stem diameter (Soil disturbance: F1,193 = 6.50, p = 0.01,
Grass clipping: F1,193 = 6.44, p = 0.01). Leaf allocation (LWR) increased in treat-
ments with a disturbed grass layer and more so after fire (Grass clipping: F1,193 =
4.36, p = 0.04, Grass × fire: F1,194 = 4.63, p = 0.03). Stem allocation (SWR)
increased in treatment with an undisturbed grass layer and when the soil was
disturbed. Fire decreased allocation to stems and after fire the effect of grass clipping
disappeared (Soil disturbance: F1,193 = 7.47, p < 0.01, Grass clipping: F1,193 = 17.2,
p < 0.001, Fire: F1,193 = 20.52, p < 0.001, Grass × fire: F1,193 = 15.9, p < 0.001,
Figure 4.5B). Root allocation  (RWR) showed the opposite pattern and was higher in
treatments with a disturbed grass layer (F1,193 = 8.34, p < 0.01). Seedling invest-
ment in roots increased strongly after fire and more so in treatments with no soil
disturbance or when the grass was clipped. (Fire: F1,193 = 25.2, p < 0.001, Soil ×
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Fire: F1,193 = 6.30, p = 0.01, Grass × fire: F1,193 = 6.79, p = 0.01, Figure 4.5C).
Tree shading increased height of seedlings and allocation to leaves (Height: F1,73 =
4.56, p = 0.04, LWR: F1,73 = 6.65, p = 0.01). Plants invested most biomass in stems
(60%), but relative investment in stems was lower when plants were growing under
a tree canopy than under an undisturbed grass canopy, both of which had similar LAI
and %PAR penetration (SWR: F1,73 = 4.75, p = 0.03). Total biomass, stem diameter
and root allocation were not affected by shading.
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Competition experiment with established shrubs 
Ambient rainfall for 2005 and 2006 at the experimental site was 800 and 1000 mm
respectively (Figure 4.1). Soil moisture did not vary between the 50% and 75%
water treatments, but was significantly higher in the 100% water treatment (F2,24 =
4.75, p = 0.02, Figure 4.6). The competition treatments had a greater effect on the
soil moisture level then the water treatment. The C. odorata monoculture had the
lowest moisture levels and the native grassland the highest moisture levels, all
competition treatments significantly differed from each other (F2,24 = 42.4,
p < 0.001). In all water treatments C. odorata is the inferiour competitor compared
to the resident grasses. The mix/mono ratios were consistently lower for C. odorata,
with an average ratio of 0.42, indicating a more than 50% reduction in biomass in
mix cultures relative to monocultures (Figure 4.7). Competition with native grasses
significantly reduced biomass of C. odorata in all water treatments, as indicated by
mix/mono ratios lower then 1 (50%: t = –7.08, p < 0.01; 75%: t = –9.41, p < 0.01;
100%: t = –7.95, p < 0.01). Native grasses are negatively impacted by C. odorata
only in the 50% water treatment (t = –9.10, p < 0.01), not impacted in the 75%
water treatments (t = –1,21, p = 0.31) and show a trend towards positive interac-
tions in the 100% water treatment (t = 2.49, p = 0.09). 

Survival of C. odorata shrubs was high; 80% in the monocultures and 87.5% in
the mix cultures. Survival was not affected by competition or water treatments
(Competition: Wald = 2.76, p = 0.10; Water: Wald = 0.51, p = 0.48). Total biomass
of C. odorata was significantly reduced in the mix cultures (F1,3 = 279.7, p < 0.001,
Figure 4.8A), while the water treatment did not affect total biomass. Height of
C. odorata shrubs was not affected by the experimental treatments (Figure 4.8B).
Canopy diameter was significantly greater in the monocultures and under higher
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water availabilities (Competition: F1,3 = 33.4, p = 0.01; Water: F2,6 = 6.35, p =
0.03, Figure 4.8C). Number of flowering shoots per m2 was significantly reduced in
the mix cultures (F1,3 = 15.3, p = 0.03, Figure 4.8D). The water treatment did not
affect reproductive output. Relative allocation to individual plant parts was signifi-
cantly affected by competition treatment (LWR: F1,3 = 100.1, p < 0.01, SWR: F1,3 =
41.4, p < 0.01, RWR: F1,3 = 118.1, p < 0.01, Figure 4.8E-G). Stem and root alloca-
tion increased when C. odorata was grown in native grassland, while relative alloca-
tion to leaf mass increased in the monocultures. Allocation did not respond to the
water treatment. 

Discussion

We found that competition with resident grasses reduced the growth and perform-
ance of C. odorata, both for seedlings as well as for established shrubs. This supports
the idea that the native grass community has some biotic resistance to invasion.
Seedling biomass was halved when grown in undisturbed native grasslands and
biomass of older C. odorata shrubs showed an equal reduction when grown in
competition with grasses. However, whereas seedling survival was severely reduced
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when grown in undisturbed grassland, adult survival was not affected by competi-
tion with resident grasses. This suggests that whereas seedling establishment is
highly constrained in savanna grasslands, once the species is established, it is able to
persist in grassland habitat for longer periods of time despite reduced growth and
reproduction. The establishment phase might, therefore, be a greater bottleneck for
C. odorata invasion in natural savanna grasslands then adult survival. Competition
with resident grasses not only affected the growth of C. odorata but also reduced the
reproduction and hence the propagule pressure of this invasive species. The amount
of flowers produced by individuals growing in the grassland plots was nearly halved
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as compared to individuals growing in monocultures. Hence, although competition
by the resident grasses does not completely repel invasion of C. odorata, it slows
down the invasion process, both by impacting seedling survival and by reducing
propagule pressure. 

In South African savannas C. odorata is highly invasive under much drier condi-
tions than where it was previously know to exist (Kriticos et al. 2005). Being mostly
a weed of the wet tropics, with average rainfall exceeding 1500 mm/yr, its invasion
in mesic savannas receiving on average only 600–700 mm annual rainfall (Huntley
1982), indicates that the species is shifting its ecological niche towards drier habitats
(te Beest, unpubl. data). In semi-arid savannas receiving an average rainfall of less
that 600 mm/yr, C. odorata currently does not invade and is confined to the wetter
areas of the habitat, like river valleys and seepage lines. However, as the species is
able persist in these habitats, there is great concern that the species will eventually
be able to spread out from the river valleys and invade these semi-arid savannas and
grasslands as well. This distribution pattern suggests an important role for water in
determining the spread of the species. Therefore, we hypothesised that invasion
success of C. odorata is dependent on the amount of rainfall and that the effects of
competition by the resident grasses on established C. odorata would be inversely
correlated with water availability. However, our results with the established shrubs
growing in competition with grasses showed that growth of C. odorata was equally
impacted in all water treatments, which suggests an effect of competition inde-
pendent of water availability. Performance of resident grasses did show an inverse
correlation with water availability, as grass biomass was significantly reduced in the
50% water treatment. This effect may partly be explained by the fact that C. odorata
is able to tolerate a wider range of water availabilities than the dominant grasses
present. But possibly, due to insufficient success in experimentally reducing the
ambient rainfall, conditions in our experiment did not range from mesic to semi-
arid, but rather from wet to mesic. Probably for that reason we did not find a
response of C. odorata to water availability in this experiment and, although
hampered by competition with native grasses, the species persisted in all treatments.
Summarising, our results show that in wet conditions resident grasses hamper
growth and reproduction of C. odorata, most likely through physical smothering and
root competition. Under dryer, but still mesic conditions, both grasses and C. odorata
perform worse, but C. odorata is still able to persist. Based on its current distribution
it is unlikely for C. odorata to spread further into semi-arid savannas. However, care
should be taken, as C. odorata has previously managed to adapt from wet to mesic
conditions, further shifts in its niche cannot be ruled out. Also, by having a canopy
layered above the grass canopy, C. odorata is likely to exert its negative effect on resi-
dent grasses through superiour competition for light. As light competition is an
asymmetric process, working slowly to the advantage of the species with the higher
canopy (Weiner 1990), in the long term this advantage will enable C. odorata to
invade grasslands, especially in the presence of disturbance. 
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Disturbance is an inherent component of savanna grasslands (Archer et al. 1996).
Not only do herbivores create disturbances through grazing, trampling, wallowing,
urinating or defecating (Hobbs 1996), also fire is an important disturbance in these
grasslands (Bond & Keeley 2005). Previous studies have shown that invasibility of
grassland communities increases with disturbance (Hobbs 1989; Seabloom et al.
2003). Herbivores may play an important role in this, for example by importing
propagules of exotic plants, but also by creating microsites for establishment, in
particular when grazing alters the vegetation structure or when trampling creates
soil disturbances (Hobbs & Huenneke 1992). We hypothesized that small-scale
disturbances created by native herbivores, could create invasion windows for C.
odorata, by increasing seedling establishment and performance. Our data confirms
this hypothesis. Seedling growth and survival increased twofold in treatments with
both soil disturbance (trampling effects) and grass clipping (grazing) as compared to
undisturbed grassland. Apparently, the advantage of having more light outweighs
the disadvantage of having less water. Soil disturbance had the greatest effect on
seedling survival and biomass, possibly reducing competition with resident grasses
and hence creating invasion windows for C. odorata. Indeed previous studies have
shown that ways for an inferiour competitor to become invasive is either through
exploiting disturbances or aided by multiple stable state dynamics (Seabloom et al.
2003) or spatial heterogeneity (Melbourne et al. 2007; Long et al. 2007). 

In savannas fire is an important natural disturbance and regular burning is
thought to hamper establishment of woody species (Bond et al. 2005; Gignoux et al.
2009). Analogue to native woody savanna species, C. odorata seedlings are expected
to be prevented from emerging from the ‘fire trap’, which is the flame zone produced
by grassland fires (Bond & Van Wilgen 1996). We therefore hypothesized that fire
will have a direct negative effect on C. odorata seedlings. Indeed, the effect of fire on
seedling establishment of C. odorata was large. Seedling survival in burned savanna
grassland without small-scale disturbances was only 5%. However, in the presence of
these small-scale disturbances survival rates increased to 22%. Moreover, as average
pre-burn height of surviving seedlings was only 11 cm, C. odorata seedlings might
have a much higher change of surviving fires than previously thought, especially in
the presence of small-scale disturbances as created by herbivores. One explanation
for this might be its vigorous sprouting ability (Devendra et al. 1998). We have
observed re-sprouting of seedlings that only reached a height yet as small as 10 cm
before the fire. The ability of seedlings to re-sprout after cool (grassland) fires greatly
enhances the persistence of the species, especially in regularly burned savannas
(Nzunda et al. 2008; Gignoux et al. 2009). Moreover, the ability to re-sprout may
greatly contribute to the invasiveness of long-lived woody plants as it allows a
species to alternate rapid shoot increase in good periods and dieback under bad
circumstances (Witkowski & Wilson 2001; Closset-Kopp et al. 2007). Through this
strategy individuals may optimise resource allocation, maximise fitness and prevent
themselves from local extinction (Del Tredici 2001; Closset-Kopp et al. 2007).
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Chromolaena odorata is an excellent example of a re-sprouter that is able to optimise
its resource allocation and therefore is able to react highly plastic to its environment
and surviving severe disturbances like fire.

Although seedling survival was significantly reduced in undisturbed grasslands,
still 25% of transplanted seedlings successfully established. Therefore, even though
resistance from mesic savanna grasslands is high and C. odorata is the inferiour
competitor to grasses, it is unlikely that invasion of C. odorata will be repelled. In the
best-case scenario the invasion will merely be slowed down, which is consistent with
other studies of biotic resistance (Levine et al. 2004). The combination of effective
seedling recruitment, coupled with low adult mortality and hence high persistence in
the landscape, could explain the extreme invasive nature of this species. Therefore, it
seems that the classical ecological trade-off between recruitment and persistence
(Bellingham 2000; Bond & Midgley 2001; Schwilk & Ackerly 2005) does not hold
for C. odorata. Although in heterogeneous environments with stochastic disturbance
events like in savannas, this trade-off might be space and time specific and act at the
individual level.
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Top left: Logistics involved with burning the large-scale Maphumulo experiment on a dry, hot and windy
day, from left to right Joris Cromsigt, Jabulani Ngubane, Mariska te Beest and Siboniso ‘Zama’ Zwane.
Top right: the Chromolaena-induced canopy fire. Middle left: Joris Cromsigt and Glen Gunther taking a
break. Middle right: the scorched woodland after the fire went through. Bottom: the same woodland
two years after the fire. Little Chromolaena has returned, the vegetation is mostly dominated by Panicum
maximum and Gomphocarpus physocarpus (milkweed).  
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1. Exotic invasive plants are a threat to biodiversity and ecosystem functioning
of natural and semi-natural systems worldwide. Controlling successful invasive
plants by direct control measures is extremely difficult, however, an approach
focused on changing ecosystem processes through the disturbance regime, has
provided promising results. Here, we investigate how fire, which is a natural
component of savanna systems, can facilitate the conventional control prac-
tices for the invasive shrub Chromolaena odorata. 
2. Chromolaena odorata is a highly flammable, but fire tolerant, exotic invasive
species in South Africa and other parts of the world, which is thought to have
a negative impact on the natural tree-grass dynamics in savanna systems. How
C. odorata responds to, and affects fire is poorly understood.
3. We performed a full factorial large-scale field experiment in densely
invaded woodland in Hluhluwe-iMfolozi Park, a savanna reserve in South
Africa in order to study the effect of fire in combination with the prevailing
manual and chemical clearing practice. 
4. We found that burning alone was not successful in reducing densities of C.
odorata. Fire proved to be more effective when fire intensity was higher and
C. odorata shrubs were younger. 
5. The conventional clearing practice (poisoning and cutting) alone reduced C.
odorata densities initially, but the species quickly resprouted and regular
follow-ups are needed for several consecutive years to effectively reduce C.
odorata densities, putting a high constraint on resources.
6. The combination of high intensity fire with the conventional clearing prac-
tice proved to be very effective in controlling C. odorata and induced an
ecosystem state switch from woodland into grassland. 
7. Synthesis. The combined approach of targeting the invasive species directly
through manual and chemical clearing and at the same time manipulating the
natural disturbance regime through controlled burning, successfully reduced
densities of C. odorata in densely invaded savanna woodland. Moreover, dry
C. odorata shrubs can be used to fuel fires for controlling unwanted woody
encroachment and restoring thickets and encroached grasslands back into
grasslands. 

Abstract



Introduction 

Invasions of exotic plants form a huge threat to the conservation of biodiversity
worldwide (Elton 1958; Vitousek et al. 1997; Mack et al. 2000). Numerous studies
have summarized the detrimental effects of invasive plants on native species diver-
sity, community structure and ecosystem functioning (Sakai et al. 2001; D'Antonio &
Kark 2002; Rejmánek et al. 2005). Today, not only human disturbed habitats are
being invaded, but many natural communities in protected areas worldwide are
facing large threats (Usher et al. 1988; Macdonald & Frame 1988; Lonsdale 1999).
According to global climate change scenarios, savannas are among the ecosystems
most vulnerable to biotic invasions (Sala et al. 2000). While managing invasions in
these species-rich savanna systems is important to biodiversity conservation, control
is often time-consuming, labour-intensive, dangerous and expensive, while positive
results are often lasting for only a short time (Marais et al. 2004; Perrings et al.
2005). Understanding the processes that underlie plant invasions in savannas is
fundamental to develop efficient and effective control measures (Zavaleta et al.
2001; Rossiter et al. 2003; Levine et al. 2003). 

Many past control programs were developed and executed to specifically target
the invasive species, without incorporating a more ecosystem-based approach. Such
programs have often provided unconvincing results (Wadsworth et al. 2000; Hulme
2006; Buckley 2008). In contrast, approaches that target ecosystem processes, rather
then primarily the invasive species, have shown much more promising results
(Paynter & Flanagan 2004; Prober et al. 2005; Dewine & Cooper 2008; Firn et al.
2008; Cox & Allen 2008). The core principle of these ecosystem-based approaches is
that they manipulate the natural disturbance regimes in the invaded ecosystems,
such as flooding, soil disturbance and fire (Buckley et al. 2007; Stokes 2008; Firn et
al. 2008). 

Fire is one of the key natural disturbances in savannas worldwide (Bond & Keeley
2005; Bond et al. 2005). Savannas are defined by the coexistence of trees and
grasses. A complex set of interacting factors including soil properties, rainfall, fire
and grazing determines tree-grass ratios in savannas (Scholes & Archer 1997;
Higgins et al. 2000; Van Langevelde et al. 2003; Sankaran et al. 2004; Sankaran et
al. 2005). Tree densities can vary greatly between savannas types, ranging from
dense woodland to open grassland communities (Scholes & Archer 1997; Sankaran
et al. 2005). Bond et al. (2005) showed that fire might be the dominant factor that
prevents, especially C4, savanna grassland systems to turn into forest. This role of
fire is especially strong in mesic savannas (Sankaran et al. 2005). The suppression of
fire in combination with overgrazing has lead to the expansion of woody plants at
the expense of open grass communities (Bond & Midgley 2000; Roques et al. 2001;
Balfour & Midgley 2008; Wigley et al. 2009). Woody encroachment is conceived to
be a problem as it reduces grass productivity and hence limits food availability for
cattle and wildlife (Scholes & Archer 1997). Fire is widely used as a management
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tool in savannas to control woody encroachment and has been successfully applied
to switch systems from a woody plant dominated system to open grassland systems
(Trollope 1974; Trollope 1983; Roques et al. 2001). As woody encroachment can be
seen as an invasion of native woody species, manipulating the natural fire distur-
bance regime could possibly be a successful strategy to control exotic woody
invaders in savanna grassland systems as well. 

Most studies on plant invasions and fire in savannas have been performed in
Neotropical and Australian savannas, where introduced African pasture grasses alter
fuel load and increase fire frequency and intensity thereby disrupting savanna struc-
ture and functioning (D'Antonio & Vitousek 1992; Baruch 1996; Rossiter et al. 2003;
Rossiter-Rachor et al. 2008). In return however, many grasslands and savanna habi-
tats in Africa and Asia, are invaded by Neotropical and Australian woody plants,
such as Eucalyptus spp., Lantana camara L., Opuntia spp. and Chromolaena odorata
(L.) King & Robinson (Macdonald & Frame 1988; Foxcroft et al. 2004; Kohli et al.
2006). These neotropical woody plants differ from African grasses in their effect on
the fire regime, often decreasing fuel load and fire frequency by outshading native
grasses, but increasing the risk of high intensity canopy fires (Brooks et al. 2004).
Chromolaena odorata is a species that has been reported to increase vertical conti-
nuity of fires, i.e. lifting surface fires into tree canopies, thereby changing the natural
surface fire regime into a canopy fire regime (Macdonald 1983; Macdonald & Frame
1988; Brooks et al. 2004). Invasive plants that change fire regimes are among the
most important system-altering species (D'Antonio & Vitousek 1992; Crooks 2002;
Brooks et al. 2004). Understanding how exactly these woody invaders alter the
natural fire regime can help us to reverse their effects and use fire as a natural
disturbance to control the invasion of exotic woody species in African savanna grass-
lands. 

We studied Chromolaena odorata as an example of how a woody invader inter-
acts with the natural fire regime and how this interaction can be used to control its
invasion in a Southern African savanna. Conventional programs to control the inva-
sion of C. odorata in South African savannas have not been highly effective. To date
the Working for Water program, which is the national organization responsible for
managing exotic invasive plants in South Africa (Van Wilgen et al. 1998; Turpie et al.
2008), has obtained some results through the action of Chromolaena clearing teams.
This clearing program uses a combination of mechanical and chemical control
(Erasmus 1988; Van Gils et al. 2004). However, incurred costs are high (Marais et al.
2004; Turpie et al. 2008) and continued follow-up efforts are necessary (Van Gils et
al. 2004), while future funds may not be secured. Also, such funds may not be avail-
able in neighbouring countries into which the Chromolaena invasion currently
proceeds, such as Mozambique, Zimbabwe and Tanzania. In addition, biological
control has been unsuccessful so far in savannas with a distinct wet and dry season,
even though promising biocontrol agents were identified in the laboratory field trials
(Kluge 1991; Barreto & Evans 1996; Zachariades et al. 1999; Muniappan et al.
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2005). We argue that one problem of conventional control programs and a possible
reason for the lack of success is a too strong species-oriented focus and insufficient
appreciation of the relevant ecosystem processes that operate in the field. 

We performed a large-scale full factorial field experiment in densely invaded
savanna woodland in Hluhluwe-iMfolozi Park, a protected reserve in South Africa.
We applied fire in combination with conventional control practices to assess the
effect on densities and re-invasion of the exotic invasive species Chromolaena
odorata. We hypothesize that the success of eradication programs for C. odorata
could be greatly increased if the clearing efforts are combined with a manipulation
of the fire regime. Furthermore we hypothesise that high intensity fires will be more
effective in controlling C. odorata than low intensity fires. Clearing and high inten-
sity fires when applied in combination could shift the C. odorata invaded state to an
open grassland state that is less susceptible to invasion, hence limiting the need for
follow-up efforts.  

Methods

Study area
Hluhluwe-iMfolozi Park is a 90,000 ha reserve in Kwazulu-Natal (KZN), South
Africa, situated between latitudes 28°00’ and 28°26’ S and longitudes 31°43’ and
32°09’ E (figure 5.1). Annual rainfall is strongly seasonal with most rain falling in
the spring and summer, between October and March. The mean annual rainfall
ranges from 1000 mm in the high altitude regions in the north to 600 mm in the
low-altitude south-western areas. We situated our study site in heavily infested
riverine woodland in the north-eastern part of the reserve, with an annual average
rainfall of 800 mm/year. This amount of rainfall lies within the climate potential
that would turn grassland into forest in absence of fire (Bond et al. 2005; Sankaran
et al. 2005). Daily maximum temperatures range from 13º to 35ºC. The reserve is of
strong conservation importance because it hosts a rich and complete set of indige-
nous large herbivores and carnivores, including Black and White Rhino, Buffalo,
Elephant, Nyala, Lion, Leopard and Wild Dog (Brooks & Macdonald 1983). The
reserve falls within the southern African savanna biome and is characterized by
vegetation types ranging from open grasslands to closed Acacia and broad-leaved
woodlands (Whateley & Porter 1983).

Next to the savanna habitat, fire-sensitive gallery forests occur in areas with high
altitude and rainfall and riverine forests and wetland communities occur along
rivers. Plant species diversity is high with over 1250 vascular plant species recorded,
of which almost 400 woody trees and shrubs and about 150 grass species (Conway
et al. 2001). The vegetation of Hluhluwe-iMfolozi Park has never been subjected to
extensive human disturbances (e.g. agriculture) and vegetation dynamics are prima-
rily driven by rainfall, fire and herbivory. An important management practice in the
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reserve is the controlled use of fire to burn grasland and control woody shrub
encroachment. In general fire is confined to the grassland and open woodland
communities, with closed woodland and forests tending to exclude fire. Controlled
burning is generally carried out at the end of the dry season (July to September) and
on average 26% of the surface area of the reserve is burned each year (Balfour &
Howison 2001). 

Study species
Chromolaena odorata originates from South and Central America and has invaded a
wide variety of ecosystems, ranging from tropical rainforests to savannas, in most of
the Paleotropics. (McFadyen & Skarratt 1996; Kriticos et al. 2005; Raimundo et al.
2007). In its native range it is part of a rich flora of Asteraceae and widespread and
common in disturbed and open areas. The main factor controlling the abundance of
C. odorata in its native range is believed to be attack by a large complex of generalist
and specialist insects (Cruttwell McFadyen 1988a). Chromolaena odorata is a peren-
nial semi-lignified shrub forming tangled bushes 1.5 – 2 m in height and reaching up
to 6 m as a climber on other plants. In its invasive ranges the species forms dense
monospecific stands, thereby out shading most native vegetation and denying
human and animal access to invaded areas (Goodall & Erasmus 1996). In the
natural savannas of South Africa the species preferably grows in broadleaved wood-
lands and along river courses and forest margins (Macdonald & Frame 1988). The
species can reproduce apomictically (Gautier 1992) and has a prolific seed produc-
tion of light wind dispersed seeds. A single shrub can produce as much as 800.000
seeds (Witkowski & Wilson 2001). Being a vigorous resprouter as well, the species
can survive severe disturbances, like fire or cutting, by quickly regrowing from the
basal stems (Devendra et al. 1998). The species is quick to loose its leaves and suffer
stem die-back when conditions become bad, regrowing again from the living stems
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when conditions change. This strategy results in impenetrable shrubs with many
dead and dry stems that form a physical barrier as well as a fire risk to fire-sensitive
habitats, like gallery and riverine forests (Macdonald 1983; Macdonald & Frame
1988; Goodall & Erasmus 1996). 

The vegetation of Hluhluwe-iMfolozi Park is prone to exotic plant invasions,
particularly in the more mesic areas. During the latest survey (Henderson, April
2004) sixty-three invasive and potentially invasive exotic plants have been recorded.
The most serious of these include Caesalpinia decapetala, Chromolaena odorata,
Ipomoea carnea subsp. fistulosa, Lantana camara, Montanoa hibiscifolia, Melia
azedarach, Parthenium hysterophorus, Senna bicapsularis, Senna didymobotrya,
Solanum mauritianum, Solanum seaforthianum, Psidium guajava, and Tithonia diver-
sifolia (Macdonald 1983; Macdonald & Frame 1988; Henderson 1989; Henderson
2001). Chromolaena odorata is the most destructive and widespread with about 20%
of Hluhluwe (the northern section of the park) covered with infestations (Howison
2009). 

Experimental design
From August to October 2003, a large-scale (3 ha) experiment was set up testing the
effect of clearing, clearing followed by fire and fire alone on densities and re-inva-
sion of Chromolaena odorata. In addition, we assessed the effects of these control
measures on the indigenous vegetation. The experiment was established in invaded
broadleaved woodland in the Maphumulo area of Hluhluwe-iMfolozi Park, an area
in the northeastern part of the park known for its high densities of C. odorata (figure
5.1). The dominant tree species in the experiment were Euclea racemosa, Euclea
divinorum and Dicrostachys cinerea. The dominant grass species were the bunch-
grasses Panicum maximum and Eragrostis curvula and the stoloniferous (lawn-
forming) species Dactylotenium australe. The experiment was set up according to a
randomized block design, with three replicate 1 ha blocks and four 50 × 50 m2 plots
per block, each subjected to one of the following treatments: conventional clearing
(CC), conventional clearing followed by fire (CC-Fi), fire without prior clearing (Fi),
and no management intervention (Control) (figure 5.1). Blocks were allocated
according to differences in initial C. odorata density. Block 1 had the lowest C.
odorata density. Block 2 had highest initial densities with almost 100% cover and
block 3 was intermediate in initial C. odorata density. 

Chromolaena odorata clearing was performed in September 2003. Conventional
clearing practice consists of hand-pulling and spraying of seedlings and slashing of
established plants followed by herbicide application to the remaining stumps (Van
Gils et al. 2004). A follow-up clearing, which is standard practice in conventional
clearing programs, was performed in May 2005. By accident, the controls were
cleared as well. The burning was performed on 13 October 2003 under guidance of
the reserve’s management staff on a dry and hot day, with gentle to moderate wind.
Open calorimeters were used were used to measure fire intensities (Wally et al.
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2006; Moncrieff et al. 2008). This was done by filling aluminium cans with basal
area of 60.84 cm2 with 20 ml of water and measuring the volume of water evapo-
rated by the fire. We placed 4 calorimeters per treatment, each fitted with 3 cans at
ground level, grass canopy height and 1 m above the ground. We used this method
as standard calculations based on heat yield (Byram 1959) could not be used due to
lack of data for C. odorata acting as fuel load. Fire intensity was calculated as the
rate of spread × the volume of water evaporated per cm2 × the energy required to
convert 1 g of water to steam, = 2.571 kJ (Weast 1988). Flame height was measured
with 4 m long poles with pieces of string attached every 20 cm. The last string
burned gave an estimate of flame height. Rate of spread was measured by individual
observers measuring the time it took for the fire front to pass from one fixed point to
the next. 

Data collection
We evenly spaced 30 fixed sample plots of 2 × 5 m2 in each of the bigger 50 × 50 m2

plots. These sample plots were monitored 17 times during the course of the experi-
ment, from August 2003 to April 2007. Monitoring consisted of (1) recording C.
odorata densities as the total number of stems per sample plot, and (2) measuring
grass height on five 1 m spaced points along a transect in the middle of a sample
plot using a disc pasture meter (Bransby & Tainton 1977). This resulted in 30 inde-
pendent replicate measurements for each 50 × 50 m2 plot. C. odorata densities were
recorded in different size classes. These were based on stem diameter, height and
whether or not stems were lignified. Three size classes were identified: seedlings
(stem diameter < 0.5 cm, stem not yet lignified), young shrubs (stem diameter 0.5 –
2 cm, stem lignified, < 1m height) and old shrubs (stem diameter > 2 cm, stem
lignified, >1m height). We assessed tree damage after fire for two common savanna
tree species: Dicrostachys cinerea and Euclea racemosa. Ninety individual trees were
tagged throughout the fire treatments and height and stem diameter were recorded.
After the fire trees were monitored for one year to assess percentage top kill and
mortality. 

Data analysis
We separated the data in four time periods: (1) Pre-treatment (August 2003, n = 1),
(2) Treatment effects in months 1–6 after establishment of the experimental treat-
ments (November 2003 – March 2004, n = 4), (3) Treatment effects in months 7–18
after establishment of the experimental treatments (April 2004 – March 2005, n =
7) and (4) Follow-up clearing (May 2005 – April 2007, n = 5). The effects of the
follow-up clearing were analysed separately as the controls were not equal to the
initial controls. In April 2007 only two of the CC-Fi treatments were monitored, due
to the prolonged presence of lions in the other treatment plots. 

In a separate study we estimated above-ground C. odorata biomass from an allo-
metric regression of above-ground dry weight (g) of C. odorata shrubs with the dia-
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meter of the main stem of these shrubs (cm) (y = 77.63*x2.57, R2 = 0.95, n = 80,
p < 0.001, unpublished data). Based on this regression we estimated total above-
ground C. odorata biomass in the treatment plots from the stem count data, using the
following average stem diameters for each size class: 0.3 cm for the seedlings, 1.5 cm
for the young shrubs and 3 cm for the old shrubs. The grass height data was averaged
per sample plot and grass biomass was derived from this using the equation: mean
biomass (kg/ha) = 340 + 388.3* mean grass height (cm) (Trollope 1983).

Mixed-effect models were used to test for an overall effect of treatment (Fi, CC,
CC-Fi, Control) on total C. odorata biomass for the different time periods separately
(pre-treatment, months 1–6, months 7–18, and follow-up). The mixed-effect model
allowed us to include random factors (plot, block and date) with hierarchical levels
to account for spatial and temporal pseudoreplication. We had 30 independent
samples per 50 × 50 m2 plot and nested plot (n = 4) within block (n = 3) and block
within date (n = 17) as a random effect. We used Tukey multiple comparisons to
test for contrasts between the levels of the treatments. In a second analysis we tested
for the effect of fire intensity on densities of C. odorata. We tested per size class
(seedlings, young shrubs and old shrubs) for time periods 2 and 3 only (November
2003 – March 2005), excluding pre-treatment and follow-up data. We used the same
mixed-model as described above, with fire treatment (Fi or CC-Fi) and fire intensity
(low or high) as fixed effects. In a third analysis we tested for effects of treatments
on grass biomass. We used the same model as described above, with treatment (Fi,
CC, CC-Fi, Control) and time period (pre-treatment, month 1–6, month 7–18, and
follow-up) as fixed effects. All analyses were performed in R (Version 2.7.0 (2008-
04-22)) (R Development Core Team 2008).

Results 

We hypothesized that the success of C. odorata control programs could be greatly
increased if the clearing efforts are combined with a manipulation of the fire regime.
Our results confirm this hypothesis. While the pre-treatment biomass of C. odorata
did not differ between experimental treatments (F3,6 = 0.416, p = 0.748, figure
5.2A), total aboveground biomass of C. odorata was significantly lower than the
controls in all experimental treatments in the first six months after establishment of
the experiment (F3,33 = 20.936, p < 0.001, figure 5.2B). The conventional clearing
(CC) treatment and the conventional clearing followed by fire treatment (CC+Fi)
were most effective in reducing C. odorata biomass in the first six months, while the
fire (Fi) treatment was least effective in controlling C. odorata (figure 5.2C). In the
following year all experimental treatments were still significantly lower than the
control treatments (F3,60 = 27.602, p < 0.001, figure 5.2C). However, C. odorata
biomass in the CC treatment increased to the level of the Fi treatment. The CC+Fi
treatment was still most effective in reducing C. odorata densities. After the follow-
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up clearing in May 2005, C. odorata biomass decreased in all treatments and treat-
ments did not significantly differ from each other (F3,33 = 2.446, p = 0.081, data
not shown), except for the CC+Fi treatment, which was still lower then the control
treatment (Tukey test: p = 0.054). 

Figure 5.3 shows the changes in C. odorata densities over time for each of the
different life stages: seedlings, young shrubs and old shrubs. Overall, clearing treat-
ments were most effective in reducing densities of old C. odorata shrubs. Seedlings
and young shrubs increased quickly following the clearing treatment and after six
months densities in the clearing treatment were higher then prior to clearing.
Seedling recruitment peaked 8 to 9 months after initial clearing. Fire without prior
clearing was effective only in the seedling stage, but not in the adult shrubs. After
the fire, adult shrubs easily re-sprouted and densities reached pre-treatment densities
in only six months. The combined clearing and fire treatment was most effective in
reducing densities of C. odorata, especially in seedlings and old shrubs and densities
remained low for the duration of the experiment. 
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Figure 5.2 The effect of fire and conventional clearing practices on total aboveground biomass of
C. odorata. A: Biomass of C. odorata prior to the establishment of the experimental treatments in
August 2003. B: Biomass of C. odorata in the first 6 months after experimental treatments were
established, from November 2003 until March 2004 (n = 4). C: Biomass of C. odorata in the
consecutive year, from April 2004 until May 2005 (n = 8). Experimental treatments are shown on
the x-axis: Fi = Fire treatment, CC+FI  = Conventional clearing followed by fire, CC = Conven-
tional clearing. The control treatment refers to the treatment without management interference,
i.e. no fire or conventional clearing. Bars show mean biomass (± SE), letters denote significantly
different levels after multiple comparisons, each diagram was tested separately.  



Managing plant invasions with fire

93

A

B

C

D

de
ns

ity
 o

ld
 s

hr
ub

s 
(N

/m
2 )

D
0.00

0.25

0.10

0.20

NA S O
2003

J F M A M J AJ
2004

DNS O J F M A M J J A
2005 2006

de
ns

ity
 y

ou
ng

 s
hr

ub
s 

(N
/m

2 )

0.0

0.6

0.8

0.2

0.4

se
ed

lin
g 

de
ns

ity
 (

N
/m

2 )

0.0

1.5

2.0

0.5

1.0

av
er

ag
e 

m
on

th
ly

 r
ai

nf
al

l (
m

m
)

0

150

200

50

100

250

0.05

0.15

DNS O J F

fire
clearing and fire
clearing
control

Figure 5.3 A. Average monthly rainfall (mm ± SE) in the Hluhluwe section of Hluhluwe-iMfolozi
Park, for the duration of the experiment. B. Changes in C. odorata seedling density (N/m2) over
time as the average seedling density (± SE) against time in months. The data for each of the four
treatments (fire, conventional clearing followed by fire, conventional clearing and control) is
shown in different lines and symbols. C. Changes in density of young C. odorata shrubs (N/m2 ±
SE) over time. D. Changes in density of old C. odorata shrubs (N/m2) over time. The arrows show
the timing of the initial clearing and the fire event (left arrow) and the timing of the follow-up
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Fires burned with different ignition sources and intensities in block 1 and in
blocks 2 and 3. Block 1 burned with a low intensity and patchy back fire as the head
fire that was ignited to burn this block changed direction. The rate of spread was
0.03 m/s , resulting in a fire intensity of 116 kJ/s/m, which is classified as a very
cool fire (Trollope & Potgieter 1985). Flame height was not higher than 20 cm. The
initial head fire that missed block 1 turned from a surface fire to an active crown fire
when reaching dense stands of cleared C. odorata just outside the experiment. This
very intense crown fire burned blocks 2 and 3. Rates of spread were difficult to
measure, due to the extreme nature of the fire, and were estimated to be at least 1
m/s. Based on this, fire intensity for blocks 2 and 3 was calculated to be 7200
kJ/s/m, which is classified as an extremely hot fire (Trollope & Potgieter 1985).
However, as in some calorimeters all water evaporated, the fire intensity is presumed
to be a minimum estimate. Average flame height in block 2 was 3.6 m and in block 3
average flame height was 1.2 m, ash colour was predominantly grey, white and red
in both blocks. Experimental plots that were burned with a high fire intensity had a
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Figure 5.4 The effect of fire treatment and fire intensity on densities of C. odorata. Bars show
average C. odorata densities (± SE) for the fire treatment and the conventional clearing followed
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significantly lower density of C. odorata seedlings and young shrubs (Seedlings:
F1,21 = 75.95, p < 0.001; Young shrubs: F1,21 = 57.42, p < 0.001, figure 5.4 A, B).
Clearing in combination with fire further reduced C. odorata densities in these life
stages (Seedlings: Treatment, F1,31 = 8.678, p = 0.006; Young shrubs: Treatment,
F1,31 = 37.40, p < 0.001, Treatment x Fire intensity: F1,31 = 27.63, p < 0.001). For
the old shrubs, clearing in combination with fire significantly reduced C. odorata
densities, but fire intensity did not further increase efficacy of control (Treatment,
F1,31 = 91.67, p < 0.001, Fire intensity, F1,31 < 0.001, p = 0.980, figure 5.4C). In the
area that was burned with the highest intensity (block 2) we observed that the seed-
bank of C. odorata was severely impacted by the fire as new C. odorata plants were
all re-sprouts from old rootstocks. 

The high intensity fire strongly impacted upon the native trees in the clearing and
fire combination treatments in blocks 2 and 3. In block 2 90% of tagged trees (n =
30) were top-killed, including all trees higher then 3 m (n = 10), tree mortality was
20%. In block 3 75% of tagged trees (n = 29) were top-killed and tree mortality was
10%. In block 1 only nine percent of tagged trees (n = 31) were top-killed, all of
which were below 1 m in height. No tree mortalities were observed in this block.
After a recovery period of about 6 months, grass biomass increased in all treatments
except the controls (Treatment: F3,114 = 9.407, p < 0.001, Time period: F3,11 =
4.746, p = 0.023, Treatment × Time period: F3,114 = 4.819, p < 0.001, figure 5.5).
The most dominant grass species was the bunchgrass Panicum maximum that prefer-
ably grew through the C. odorata skeletons and reached heights of up to 2 m (pers.
obs.). In the clearing treatment grass biomass decreased again towards the end of
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the experiment, while in the fire treatment and in the clearing and fire combination
treatment grass biomass remained high. After one year a dense sward of Panicum
maximum and Eragrostis curvula had established in the areas that burned with the
highest intensity (block 2 and 3), with minimal re-infestation of C. odorata. This situ-
ation remained for the duration of the experiment, until April 2007.

Discussion

The combination of conventional clearing and fire (CC-Fi) was most effective in
controlling densities of the invasive shrub C. odorata. This is in support of our
hypothesis that the success of C. odorata control programs could be greatly increased
if the clearing efforts are combined with a manipulation of the fire regime. After
three-and-a-half years of monitoring minimal re-invasion of C. odorata occurred in
the clearing and fire combination treatments. Contrary to expectations, the intensity
of fire did not increase the efficacy of control of the old C. odorata shrubs. These old
shrubs were fire tolerant and able to re-sprout even after a high intensity fire. Densi-
ties of seedlings and young adult shrubs, on the other hand, were reduced more
strongly after a high intensity fire than after a low intensity fire. 

The use of fire without prior clearing (Fi) as a tool to control C. odorata can result
in contrasting effects. Depending on the age of the C. odorata shrubs and the inten-
sity of the fires, C. odorata densities either increased or decreased following fire.
Seedling density significantly decreased as a result of fire, and more so after an
intense fire. Densities of adult C. odorata shrubs, however, increased compared to
pre-treatment densities, due to vigorous re-sprouting. Hence, care should be taken
when applying fire without prior clearing to control the invasion of C. odorata. The
conventional clearing practice alone (CC) reduced C. odorata densities initially, but
the species quickly recovered and grew back to almost original densities within the
first year. Interestingly, clearing was least effective in the young shrubs. Possibly,
smaller stems are easily missed when applying herbicide to the cut stump, especially
in dense stands, or there is less surface for application of the herbicide, and therefore
less penetration to the roots. Also young plants have a higher sprouting ability as
was shown in previous work on C. odorata (Kushwaha et al. 1981; Devendra et al.
1998). Therefore, once an area has been cleared, follow-up clearings or controlled
burning are essential as not to worsen the invasion.

Re-establishment of C. odorata following a fire may be due to seedling germina-
tion and together with vigorous sprouting allows for quick reinvasion (Macdonald
1983). However, in our study, C. odorata quickly reinvade burned areas only through
sprouting from old stems. Apparently, C. odorata seeds did not survive exposure of
the soil surface to heat (Mbalo & Witkowski 1997). Therefore, even though the
burned areas might provide suitable germination conditions, few viable seeds are left
after passage of the fire and new dispersal is required. These findings correspond to
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earlier reports that fire eliminates the majority of C. odorata seeds in the soil (Epp
1987; Slaats 1995; Witkowski & Wilson 2001). Moreover, seedling emergence was
highest in the clearing treatments rather then in the fire treatments, with a clear
peak in densities 8 – 9 months after initial clearing. This indicates optimal germina-
tion conditions below cleared C. odorata litter. Experimental studies have shown that
seedling emergence doubled on soil surfaces mulched with C. odorata twigs, possibly
due to higher soil moisture and reduced evaporation on the covered surface (Slaats
1995; Ambika 2002b). Therefore, contrary to previous reports, cleared rather then
burned areas provide optimal germination conditions for C. odorata. This is an
important result that should be taken into account when planning follow-up clear-
ings so that special care is taken to specifically target seedlings.

Competition with grasses is thought to hamper reinvasion of C. odorata through a
reduction in seed germination and seedling growth (Erasmus & Vanstaden 1986).
This has been shown experimentally; in plots where grass establishment has been
successfully, minimal reinvasion of C. odorata has occurred (Erasmus 1988; Renrun
& Xuejun 1991). In the current study grass biomass increased initially in all experi-
mental treatments, except for the controls. In the conventional clearing (CC) treat-
ments the shade-tolerant grass Panicum maximum initially grew high through the C.
odorata skeletons, but grass biomass decreased again in the final stage of the experi-
ment. This might be due to outshading by the resprouting C. odorata and the subse-
quent disturbance of follow-up clearing. In the fire treatment and in the clearing and
fire combination treatment, however, grass biomass remained high throughout the
course of the experiment. After one year a dense sward of Panicum maximum and
Eragrostis curvula had established in the areas that burned with the highest intensity
(block 2 and 3). In the fire treatment C. odorata grew back quickly through
resprouting, despite the presence of the grasses, while in the clearing and fire combi-
nation treatment, minimal reinvasion of C. odorata occurred. In the latter treatment
reinvasion was dependent on seed dispersal and seedling recruitment, rather then
sprouting from old stems. It is likely that C. odorata seedlings are not able to success-
fully compete with a dense grass layer, while sprouted stems are. Indeed, sprouts are
known to grow much faster than seedlings due to their higher initial belowground
storage capital and to quickly reoccupy their own gaps (Bond & Midgley 2001). Also
C. odorata seedlings have been reported to induce high mortality due to competition
for resources (Yadav & Tripathi 1981; Yadav & Tripathi 1982). Greenhouse and field
studies confirmed that C. odorata seedlings are not able to successfully compete with
grasses in the seedling stage (te Beest, unpublished data), but that adult plants can
coexist with a continues grass layer for at least several years (te Beest, unpublished
data). Our data suggest that competition with grasses may indeed hamper re-inva-
sion of C. odorata, but only when C. odorata has to establish from seed. 

An important ecological effect of C. odorata is that due to its high tissue flamma-
bility (of especially the dry stems, pers. obs.) and position in the landscape (growing
into tree canopies), the species can acts as ‘fuel ladder’ in carrying fires from the
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regularly burned open savannas and grasslands into the canopies of woodlands and
fire sensitive (riverine) forests (Macdonald 1983; Macdonald & Frame 1988). Trees
is savanna woodlands can in general easily regenerate after fire by re-sprouting,
however, for riverine and forest tree species that are often poorly adapted to fire an
intense canopy fire is disastrous and tree mortality is generally high, leading to the
loss of unique habitat. The net result is an attrition of upland forest patches and
riparian vegetation which host high levels of diversity and endemism in this
ecosystem (Macdonald 1983; Macdonald & Frame 1988). Therefore fires should be
avoided at all times in these sensitive vegetation types.

Fire is widely used as a management tool in savannas to control the expansion of
woody plants at the expense of open grass communities (Bond & Midgley 2000;
Roques et al. 2001; Balfour & Midgley 2008; Wigley et al. 2009), especially to
promote savanne large herbivores and their predators. For the control of woody
species encroachment with fire, either intense fire are necessary that are able to top-
kill the encroached shrubs (Trollope 1974; Trollope 1983) or frequent fires (Roques
et al. 2001) that prevent shrubs from regenerating (Midgley & Bond 2001; Balfour &
Midgley 2008). Often there is not enough fuel load present or weather conditions
are not optimal to create the necessary intensity or frequency of the fires. In these
cases bush encroachment is not controlled but rather promoted (Roques et al. 2001;
Bond & Keeley 2005). Analogue to bush encroachment the invasion of C. odorata
might also be promoted by low intensity or infrequent fires. On the other hand C.
odorata might act as ecosystem engineer that can be used to restore the undesirable
(encroached) systems to a more desirable (grassland) state (Crooks 2002; Byers et
al. 2006). As C. odorata invades encroached thickets more readily then intact grass-
lands (pers. obs, see also Wigley et al. 2009) and produces large quantities of stem
litter with low decomposition rates (Norgrove et al. 2000) that can act as fuel load,
the presence of C. odorata in encroached thickets, especially after conventional
clearing, could create fires that are intense enough to switch the system from an
encroached woody state to a more open grassland state. However, this might solely
work within the climatic envelope for ‘unstable’ savannas, with annual rainfall above
650 mm/year, where disturbances are required for the coexistence of trees and
grasses. (Bond et al. 2005; Sankaran et al. 2005).

Many past control programs with species-oriented focus have failed to provide
effective control of the invasive species (Wadsworth et al. 2000; Hulme 2006;
Buckley 2008). In contrast, approaches focused on changing ecosystem processes
through the disturbance regime have shown much more promising results (Buckley
et al. 2007; Stokes 2008; Firn et al. 2008). In the current study we showed that the
combination of conventional clearing of C. odorata together with a manipulation of
the disturbance regime through fire provided drastic ecosystem level effects in that it
switched the system from closed woodland into open wooded grassland. This
combined approach has been very successful both in restoring the desirable grass-
land state and in controlling C. odorata in the short term. In the long term however,
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C. odorata is most likely to re-invade these areas and regular burning and/or
continued follow-up clearing will be necessary to keep the system in the desirable
state. Furthermore while this drastic combination of clearing and fire might be very
effective and desirable in fire-prone savanna systems, a whole other approach should
be taken in fire-sensitive gallery forests and riverine vegetation. Fire is not a natural
disturbance in these systems and care should be taken that C. odorata does not act as
catalyst to carry savanna fires into forest stands. In these areas conventional clearing
combined with removing of the dry litter that could potentially form a fire risk
would be the desirable approach. We show that by targeting only invasive species
(the clearing treatment) or only manipulating the natural disturbance regime (the
fire treatment), we were not successful in controlling C. odorata. However, the
combined approach of targeting both the invasive species and manipulating the
natural disturbance regime at the same time successfully reduced densities of C.
odorata.
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Synthesis: piecing the puzzle together 

Mariska te Beest

Chapter6

Johan Ngobesi posing in front of dense Chromolaena odorata
infestations in the large-scale Maphumulo experiment.



Introduction 

In this thesis I studied the invasion ecology of Chromolaena odorata (L.) King &
Robinson in Hluhluwe-iMfolozi Park in South Africa. Chromolaena odorata is listed
among the world’s worst alien invasive species (Lowe et al. 2000) and is rapidly
invading the Old World tropics and sub-tropics, thereby threatening many of the
biodiversity hotspots of the world. Dr. Ian MacDonald, former Chief Executive of
WWF South Africa, stated in his keynote address to the Conference on Biological
Control and Management of Chromolaena odorata in 2000 that ‘I believe that if you
can beat Chromolaena, then you can virtually be assured that you can beat any alien
invasive plant species’ (Macdonald 2002). He said this because the invasion of
C. odorata goes hand in hand with many of the underlying problems that affect
conservation in the tropics, like rangeland and forest degradation and increasing
human population pressure. Therefore, the struggle to control C. odorata can serve
as an excellent model system to deal with invasions word-wide.

Much is still unknown about the ecology of C. odorata and why it can so success-
fully invade such a wide array of habitats. Currently, there are no effective ways to
keep this species under control. My main aim in this thesis was, therefore, to gain a
better understanding of the ecology of C. odorata and its intricate relationships with
native species in its novel habitat and to integrate this ecological knowledge into
more effective control programs. In this synthesis I aim at putting the pieces of the
ecological puzzle together and show where I have contributed insights. Upon
invading novel habitats alien species engage into a whole new set of biotic and
abiotic interactions. Understanding species invasions requires insight into these new
interactions and their relative importance throughout the life cycle of the invader
(Fig 6.1). In return, this also provides insight in the determinants of community
structure without the invader. As seed characteristics, germination requirements and
reproductive behaviour of C. odorata have been extensively studied (Ghosh 1961;
Powell & King 1969; Edwards 1974; Yadav & Tripathi 1982; Erasmus 1985; Erasmus
& Vanstaden 1986; Marks & Nwachuku 1986; Erasmus & Vanstaden 1987; Witkowski
& Wilson 2001; Ambika 2002b; Almeida-Neto & Lewinsohn 2004), I have focused
mainly on establishment, growth and persistence of this invader in natural savannas.

Chromolaena’s ecological niche

A plant’s fundamental (or physiological) niche is shaped by abiotic factors like
temperature, available water, available light and available nutrients in the soil ,
while its more narrow ecological (or realized) niche is in addition shaped by biotic
factors, such as herbivory, interactions with pathogens or mutualists and competition
with other plants for space, water, light and nutrients (Hutchinson 1957; Schoener
1974; Grace & Wetzel 1981). Whether or not a plant can survive at a particular site
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depends on the net outcome of these abiotic and biotic interactions. In my research I
have addressed many of the above-mentioned abiotic and biotic factors and I will
discuss them in more detail in the following paragraphs.

Temperature
Chromolaena odorata is thought to be highly sensitive to low temperatures and frost
(Yadav & Tripathi 1981; Goodall & Erasmus 1996) and in South Africa the species
indeed only occurs in frost free areas (Goodall & Erasmus 1996). In several climatic
models predicting the global distribution of C. odorata, temperature is, together with
soil moisture, the most important explanatory variable (McFadyen & Skarratt 1996;
Kriticos et al. 2005; Raimundo et al. 2007). The most recent model even works only
with temperature variables, taking into account the average maximum January
temperature, the average minimum July temperature, and the Jan/Jul diurnal
temperature range (Raimundo et al. 2007). A similar model based on temperature
and rainfall has been used to explore suitable biological control agents for the
Southern African ecotype of C. odorata (Robertson et al. 2008). In Hluhluwe-
iMfolozi Park the average daily temperature ranges from 13 – 35ºC and falls well
within the climatic envelope that is predicted for C. odorata occurrence.
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Figure 6.1 The life cycle of Chromolaena odorata. Small wind-dispersed seeds germinate and
seedlings establish, plants grow when conditions are favourable in a certain environment; then,
after reproduction seeds disperse and again seedlings establish and grow; or plants persist by
means of vegetative reproduction (re-sprouting).  



Water
Southern African savannas have been classified into two main groups depending on
the amount of available water (Huntley 1982). Here we define mesic savannas as
receiving more than ~650 mm of rain on an annual basis and semi-arid savannas as
receiving less than ~650 mm of annual rainfall (Sankaran et al. 2005). In savannas
C. odorata is mostly confined to the wetter habitats, such as forest margins, seepage
lines, gullies or riverine areas. In the mesic savannas of Hluhluwe-iMfolozi Park,
however, the species is able to actively invade a much wider range of habitats, such
as broadleaved woodlands and to a lesser extent fine-leaved woodlands and grass-
lands (Howison 2009). In the semi-arid savannas of the reserve C. odorata still does
not occur beyond the river valleys (pers. obs.). When I started my PhD work, there
was great concern among managers that the species would be able to spread out
from the river valleys and invade these semi-arid savannas and grasslands as well.
Therefore, I explored the role of water availability and competition for water with
native grasses, to determine the potential for this spread into semi-arid habitats. 

In chapter 2 we showed that in South Africa C. odorata is indeed occurring
under much lower rainfall conditions than where the species was previously known
to exist (> 1000 mm/yr), which confirms previous suggestions on this (Goodall &
Erasmus 1996; Kriticos et al. 2005; Robertson et al. 2008). The optimum probability
of C. odorata occurrence in Southern Africa is situated around an annual rainfall of
700 mm/yr, which corresponds nicely to the conditions in mesic savannas. Our
model also showed that when conditions became even drier (~ semi-arid), the prob-
ability of C. odorata occurrence quickly declined. Therefore, based on its current
distribution we conclude that it is unlikely for C. odorata to spread further into semi-
arid savannas. However, care should be taken, as C. odorata has previously managed
to adapt from wet to mesic conditions, further shifts in its niche cannot be
completely ruled out. 

In chapter 4 we attempted to simulate different rainfall conditions and studied
the response of C. odorata. Unfortunately, due to insufficient success in experimen-
tally reducing the actual rainfall, conditions in our experiment did not range from
mesic to semi-arid, but rather from wet to mesic. Probably for that reason we did not
find a response of C. odorata to water availability in this experiment and, although
hampered by competition with native grasses, the species persisted in all treatments.

Competition for water
As Southern African C. odorata has expanded its niche to include drier (but still
mesic conditions) conditions and is highly successful in those habitats, we expected
that the species is a superior competitor for water. Especially in savannas where
water is often a limiting factor, competition for water is likely to structure the plant
communities. In chapter 2, however, we showed that seedlings of C. odorata are
out-competed by the native grass Panicum maximum independently of water avail-
ability. This suggests that competition was not for water, but for other resources. In
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chapter 4 we studied adult C. odorata under field conditions and found that compe-
tition between C. odorata and native grasses was again largely independent of water
availability. Another explanation for the fact that in South Africa C. odorata is occur-
ring under drier conditions then in other parts of its range would be the develop-
ment of a more efficient water uptake of South African C. odorata populations.
However, when comparing water use efficiency under experimental conditions
between native and South African C. odorata populations in chapter 2, we did not
find evidence for more efficient water uptake in the South African populations. In
general, C. odorata was much less efficient with water than the native grass Panicum
maximum. In a field study measuring transpiration rates of C. odorata, we however
found that C. odorata actively dries out the soil, even when accounting for an
increased bare soil evaporation under C. odorata shrubs. Soil moisture under C.
odorata was 4–5% less than under grass (M. te Beest & J. Herder, unpubl. data).
These results show that C. odorata needs a high amount of water due to its high
transpiration rate and at the same time but is more inefficient in its use of water
than grasses. In conclusion, our results explain why C. odorata is confined to the
wetter areas of the habitat. However, to be able to overgrow all native vegetation
and create virtual monocultures, the species must have some other mechanism
allowing it to gain high dominance. In chapter 2 we touched upon this by showing
that light interception of C. odorata was significantly higher then for P. maximum. 

Light
During the course of this PhD, I started to recognize the importance of light and light
competition in the invasion of C. odorata in savannas. In tropical forests the impor-
tance of light competition has long been known. In those systems C. odorata is able
to invade only when the forests have been degraded and the canopy has been
opened, allowing enough light for the species to grow and reproduce (De Rouw
1991; Joshi 2006). Similar to its occurrence in the native range, the species disap-
pears again as soon as the canopy closes (De Rouw 1991; Cruttwell McFadyen 1991;
Joshi 2006). In savanna woodlands, however, the canopy is much more open, with
often only 50-75% cover (Whateley & Porter 1983), allowing enough light for C.
odorata to invade these woodlands in their natural state without canopy distur-
bance. Furthermore the physiognomy of these woodlands is very different to that of
tropical and sub-tropical forests. Woodland canopies generally do not reach higher
than 4-6 m, have many gaps, and a lower under-stratum of trees and shrubs,
whereas forest canopies reach a closed canopy of c. 20 m (Whateley & Porter 1983;
Joshi 2006). This allows C. odorata to scramble up into the tree canopy of wood-
lands, not only smothering the trees, but also increasing the risk of high intensity
canopy fires, as I show in chapter 5. For (scarp) forests this fire risk is equally high
as C. odorata forms dense infestations along the margins, linking the grass canopies
with the forest canopies and thereby lifting grassland fires up into the tree canopies
as well (Macdonald 1983; Macdonald & Frame 1988).
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Competition for light
The key to success for C. odorata invasion may be its superior light competition
strategy rather then superior water competition. The availability of water in the
environment will determine the abiotic envelope in which the species can exist,
whereas light will be superiorly competed for, allowing C. odorata to gain dominance
in mesic savannas. Light competition is asymmetrical because of the unidirectional
supply of resource (Schwinning & Weiner 1998). Therefore, taller species will always
out-compete shorter species and small initial differences in height between species
may have large consequences on the outcome of competition (Falster & Westoby
2003; Falster & Westoby 2005). In addition, C. odorata can behave as a climbing
herb in a role analogous to lianas, which gives the species an advantage in light
competition. Unlike trees, lianas have relatively little structural support, so they can
allocate more resources to reproduction, canopy development, and stem and root
elongation. Thus, they typically have a very high canopy:stem ratio, which results in
a higher proportion of photosynthetic biomass than is present in most woody plants
(Schnitzer & Bongers 2002). The asymmetry in light competition might have been
the reason for P. maximum to out-compete C. odorata in chapter 2, because even
though initial biomasses were similar, P. maximum seedlings were taller than C.
odorata seedlings. Again, this suggests that in this experiment, competition was not
for water, but rather for light. In chapter 4 we showed a similar result. Only a small
fraction of C. odorata seedlings were able to establish in undisturbed grassland with
low light penetration.

Different strategies for light competition become apparent in a general trade-off
for seedlings. Seedlings can either invest first in leaves to maximise photosynthetic
capacity or invest first in height growth to prevent being out-shaded by neighbouring
species (Westoby et al. 2002; Wright et al. 2004; Falster & Westoby 2005). This trade-
off is made evident when comparing native and invasive populations of C. odorata as
we did in chapters 2 and 3. Plants from the invasive South African populations grew
taller with low investment in leaves (leaf weight ratio, LWR) and roots (root weight
ratio, RWR) and the highest proportion of biomass allocated to stems (stem weight
ratio, SWR). Plants from the native populations invested significantly more in leaves
and roots and relatively less in stems. The initial allocation of biomass into stems
was found for invasive C. odorata populations from West-Africa and India as well
(Saxena & Ramakrishnan 1984; Ramakrishnan & Vitousek 1989; Slaats 1995). 

Furthermore we found a higher specific leaf area (SLA) in invasive compared to
native populations under low water availability (chapter 2). This means that inva-
sive C. odorata is able to make larger and thinner leaves in order to maximise photo-
synthetic output. High SLA is strongly correlated with a high relative growth rate
(RGR) and comes at a cost of higher water loss through the leaves (Poorter &
Remkes 1990; Wright et al. 2004). In an environment where most species have adap-
tations to cope with regular droughts (thick and small leaves with low SLA) at the
expense of their relative growth rates and effective light competition, C. odorata
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might have ‘found’ itself an empty niche with its high RGR, its large and thin leaves
with horizontal angles, that are perfect for out-shading any competitors, and its tall
erect stem. When measuring the specific leaf area (SLA) of native savanna trees and
C. odorata, the latter indeed falls completely out of the spectrum with an SLA of
230 cm2/g, which is more than twice as high as the average SLA of native savanna
trees (100 cm2/g) (M. te Beest, unpubl. data). 

In chapter 2 we showed that C. odorata can react flexible to changes in its envi-
ronment by increasing its SLA under wetter conditions. This suggests that C. odorata
has not only ‘found’ itself an empty niche because of its species-specific traits, but it
also has an unique strategy to invade natural savannas. By responding quickly to
changing environmental conditions, this opportunistic species is able to optimally
use the available resources at a given moment. Increasing SLA is a response to shade
and C. odorata has been found to increase its SLA up to 600 cm2/g under low irradi-
ance levels (Feng et al. 2007). However, this response is only possible under wet
conditions, due to the increased transpiration rate that is the consequence of a high
SLA. These results indicate again that C. odorata needs high amounts of water and
will suffer when there is not enough water in the environment. When conditions
become too dry C. odorata is known to quickly lose its leaves and die back, then re-
sprouting again when conditions become more favourable. Therefore, the species’
ability to cope with droughts depends mostly on its capacity to re-sprout.

Chromolaena odorata is not only very successful in woodlands; the species is
highly effective in out-shading native grasses as well, but only after it has success-
fully established. We measured that under the canopy of dense C. odorata stands
only 10–20% of light penetrates, which is equal to an 80–90% in PAR (percentage
available radiation), and that grass biomass is reduced by 25% (M. te Beest & J.E.
Boeke, unpubl. data). This level of light interception by C. odorata is very similar to
our greenhouse results from chapter 2. In contrast, native tree species like Dicro-
stachys cinerea have a much smaller shading effect on grasses, reducing PAR by
60–70%, resulting in a grass biomass decrease of only 5% (M. te Beest & J.E. Boeke,
unpubl. data). In chapter 4 we showed experimentally that C. odorata negatively
impacts the native grass canopy through shading, but only under lower water avail-
abilities. 

Another plastic response that may increase C. odorata’s ability to successfully
compete for light was found in chapter 3. There we showed that under the influence
of the biotic soil community C. odorata seedlings from the invasive-range population
increased their height and relative investment of biomass into stems (SWR). This
result is all the more interesting because this allocation response was not induced by
changing abiotic conditions, but due to different biotic interactions in the species’
non-native range. Although we did not observe a response in SLA in relation to soil
biota, which would also be indicative of superior light competition, these results led
us to hypothesize that light and C. odorata’s ability to capture light might be a very
important factor explaining the invasion success of C. odorata in savannas.
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Soil nutrients
Chromolaena odorata is known for its wide environmental tolerance and has been
found to grow on soils ranging from dune-sands to heavy clays, providing that there
is enough moisture in the environment (Liggitt 1983). Based on many transects in
Hluhluwe- iMfolozi Park we found that the species was most commonly found in
nutrient rich and clayey soils that are high in organic carbon and occurred much less
in well drained sandy soils, although individuals were observed under these condi-
tions (M. te Beest & M. Drijfhout, unpubl. data). The highest abundances of
C. odorata were found on duplex soils, notably Valsrivier and Swartland. This is
possibly related to the characteristic drainage of these soils where downward flow of
water is limited and higher levels of water in the A-horizon (c. 20 cm) may favour
the shallow-rooting C. odorata (M. te Beest & S. McLennan, unpubl. data). In
general, the presence of water in the landscape in all its varieties (sub-soil run-off,
seepage, drainage lines, gullies etc.), mostly determines where C. odorata is likely to
grow and become dominant.

Herbivory 
Chromolaena odorata is not frequently browsed by herbivores in South African
savannas, despite of having no mechanical defence. I have observed occasional
browsing by nyala, elephant and black rhino and seen the odd animal nibbling on
some twigs or leaves, such as  buffalo (pers. obs.). But in general C. odorata is left
untouched by mammalian herbivores. This is most likely due to high levels of
secondary compounds in the leaves that include flavonoids and terpenoids (Talap-
atra et al. 1974; Dominguez 1977) These high levels of secondary compounds in C.
odorata possibly reflect adaptation to a different historic herbivore regime between
the tropical forests in the species’ native range (primarily insects) and the savannas
its invasive range (primarily large mammals). This chemical defence apparently
proves to be highly effective for large mammalian herbivores as well. Only elephants
are able to sustain some damage to the plants as they free paths through the often
impenetrable shrub thicket, thereby creating access to invaded areas and rivers for
other animals. Interesting in this respect is an observation by MacDonald in Hluh-
luwe-iMfolozi Park that in the 1980s infestations of chromolaena were often severely
defoliated by browsing (Macdonald 1983). Although, he states as well that because
of large scale reductions in the populations of nyala and impala that were being
carried out at the time, this natural control through browsing could well be signifi-
cantly reduced in the years to come. It is also possible that this behaviour was
observed during an extensive drought, when other food was limited or that the
animals learned to avoid the species due to negative consequences of repeatedly
consuming it. 

Insect herbivores that feed on C. odorata in South African savannas are also few.
A survey performed in Natal listed eight insect and two mite species that were found
to reproduce and/or feed on C. odorata (Kluge & Caldwell 1992), among which the
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generalist grasshopper Zonocerus elegans that I have frequently observed in Hluh-
luwe-iMfolozi Park as well. In contrast C. odorata is reported to be attacked by a
large complex of insects, both generalists and specialists, in its native neo-tropical
range, where 240 species have been recorded on C. odorata plants (Cruttwell 1974;
Cruttwell McFadyen 1988a). Also many fungal pathogens are found to be associated
with C. odorata (Barreto & Evans 1994). This suggests that C. odorata in its invasive
range has escaped from many of its native herbivores, which were primarily insects.

Biotic interactions in the soil – pathogens and mutualists
Whereas many studies have focused on insect herbivores, especially in the light of
biological control, very little is known about the soil community and their effects on
the invasiveness of C. odorata. In chapter 3 we explored the role of soil biota in the
invasion of C. odorata. We found no clear evidence that C. odorata became invasive
because it escaped from native soil-borne enemies. We observed, however, a highly
interesting interaction between soil biota and biomass allocation. Plants from the
invasive-range populations responded to new soil biota from the invasive range with
increased investment in stems (SWR) and height growth. As mentioned before,
native and invasive-range populations exhibited substantial differences in growth
form during seedling growth, although they were indistinguishable in all other char-
acteristics. Native-range plants stayed short and produced many leaves, resulting in
a more bushy growth form, whereas invasive-range plants produced a tall erect stem
with fewer leaves. These differences were consistent across several experiments,
suggesting a genetic basis. The combination of this difference in growth form
between native and invasive populations and the soil-biota induced allocation
response of invasive populations, led us to hypothesise in chapter 3 that selection has
taken place in the invasive range, that drives towards plants with superiour light
competition traits and/or a higher plasticity in light response (evolution of plasticity).

However, a possible alternative explanation of these observed patterns could be
new signal-transduction pathway that was recently described in plants (Gomez-
Roldan et al. 2008). This signal, which is thought to be induced by the carotenoid-
derived compound strigolactone, stimulates arbuscular mycorrhizal symbiosis (acts
as early host recognition signal) and at the same time inhibits shoot branching,
thereby inducing an erect morphology with few lateral branches. A negative effect of
this compound is that it triggers the germination of parastic plant seeds (Gomez-
Roldan et al. 2008). In C. odorata this signal-transduction pathway could mean that
when the species arrived in its new environment, signals were sent out to stimulate
new arbuscular mycorrhizal symbiosis and that this in turn caused the plants to
display the tall erect growth form that is typical of the invasive populations. Conse-
quently, this specific growth form proved to be positive in the competition for light,
which was an area where the heliophytic C. odorata could still gain much ground as
the light environment in savannas was much more benign than in its native-range
tropical forests. Therefore, this signal-transduction pathway and its effect on the
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morphogenesis of C. odorata and its ability to successfully compete for light could be
key to explaining its invasive behaviour in savannas, however, further research needs
to elucidate whether strigolactones indeed occur in C. odorata.

Soil-organism driven allocation responses are mostly overlooked in invasive plant
literature, but may have great implications for the invasiveness of a species, as soil
biota may indirectly influence the competitive balance in the plant community. Other
indirect soil biota effects have been found in India where C. odorata was reported to
accumulate native fungal pathogens (Fusarium spp.) that are less harmful to itself
than to its neighbouring native species (Mangla et al. 2008). However, when we
tested the response of the native co-occurring grass species Panicum maximum to soil
that was pre-cultured with invasive-range C. odorata individuals, we observed the
opposite effect. Growth of P. maximum was stimulated when grown in soil that was
pre-cultured with C. odorata and no detrimental effects were found (chapter 3).
This result is confirmed with field observations in Hluhluwe-iMfolozi Park. Panicum
maximum readily establishes when dense C. odorata stands have been cleared away
and the grass becomes an abundant species penetrating through the C. odorata
skeletons.

Combining chapter 2 and 3 allowed us to test hypotheses like the ‘evolution of
increased competitive ability’ (EICA) hypothesis (Blossey & Nötzold 1995). This
hypothesis states that invasive species no longer have to defend themselves against
their (specialist) natural enemies and can re-allocate resources from defence to
growth. In chapter 2 we found that native and invasive populations of C. odorata
competed equally well in the absence of natural enemies, providing no evidence for
increased competitive ability of invasive-range C. odorata populations. The soil-
organism driven allocation response of invasive C. odorata populations (chapter 3),
however, indicates that shifts in allocation of resources due to a changed community
of soil pathogens and mutualists might have occurred in invasive-range populations.
As shifts in a few traits can have large consequences in the multidimensional trait
spectrum, the observed differentiation in height and stem allocation might allow C.
odorata to occupy different habitats in the invasive than in the native range due to a
different competitive balance with the native species, e.g. superiour light competi-
tion. However, further studies are needed to confirm this. 

Competition, disturbance and seedling establishment
I have already discussed the competition between C. odorata and native plants for
water and light. Other resources that plants compete for are space and nutrients.
However, the outcome of these competitive interactions can be influenced strongly by
disturbance. In chapter 4 we studied to what extent disturbances enable C. odorata
seedlings to establish in natural savanna grasslands. Disturbances affect resource
availability (nutrients, light) and open up space for new individuals and/or species to
establish. According to Grime’s model of plant strategies, the intensity of competition
decreases towards higher disturbance (Grime 1974) and invasion success is believed
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to be enhanced by disturbance though increased resource availability (Davis et al.
2000). In savanna grasslands the most important disturbances are created by herbi-
vores and fire, which can create temporary pulses of resources (water, nutrients) and
may relax plant competition for a while. In this thesis we aimed to study the whole
spectrum of disturbances in natural savanna systems, from herbivore-induced distur-
bances to low-intensity grassland fires (chapter 4) and high-intensity canopy fires
(chapter 5). Herbivores impact grasses and affect the nutrient status of grasslands
through grazing, trampling, wallowing, and defecating (Hobbs 1996). In chapter 4
we simulated these herbivore-induced disturbances and showed that small-scale soil
disturbances and grass clipping increased establishment success of C. odorata in
native grasslands. In undisturbed plots 25% of seedlings managed to survive through
the first year, whereas in disturbed plots seedling survival increased by almost 50%.
In this way herbivores may create conditions that favour C. odorata invasion.
However, disturbance is no pre-requisite for C. odorata invasion, as seedlings can still
survive in undisturbed grasslands, biding their time to grow and reproduce.

Fire
Fire is an important natural component of savannas systems, where its frequency,
intensity and ecosystem impact depends on local weather conditions, topology, soil
conditions and fuel loads (Bond & Keeley 2005). In chapter 4 we showed that a
low-intensity grassland fire reduced survival of C. odorata seedlings to 5%. The
effect of fire on seedling survival was less strong in the presence of herbivore-
induced disturbances. In disturbed plots seedling survival was still 22%, which was
probably due to less fuel load in these plots and therefore a lower intensity of the
fire. The presence of many seedling sprouts during the harvest of this experiment
and the average pre-fire height of the surviving seedlings being a mere 10 cm, indi-
cate the ability of C. odorata to re-sprout from a very early age. This confirms the
enormous regeneration potential of the species once it gains a foothold in a certain
habitat. Previous authors have suggested that regular (grassland) fires may
contribute to the control of the species, while incidental (canopy) fires could stimu-
late the spread of C. odorata (Macdonald 1983; Gautier 1996; Goodall 2000). We
indeed showed that seedling establishment of C. odorata was lower in burned grass-
lands than in non-burned grasslands (chapter 4), but how frequent a grassland has
to be burned to keep C. odorata under control, remains open for further research.
Analogue to controlling bush encroachment the frequency of burning might be a
delicate balance. Infrequent fires will enhance woody establishment in grasslands,
while too frequent fires will not give the grass enough time to recover and aid woody
invasion. Furthermore fire frequency might interact with rainfall in determining the
successful establishment and invasion of C. odorata in grassland habitat. This is
implied by MacDonald (1983), who reports that in Hluhluwe-iMfolozi Park the least
invaded habitat used to be the regularly burned grassland, but that ‘in recent years
the species has invaded many grasslands in the higher rainfall areas of the reserve’
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and ‘currently the least invaded area is likely to be the drier Acacia savannas in the
south of the reserve, which are also regularly burned’. Finally, the question remains
not only how fire frequency affects C. odorata establishment, but also how adult C.
odorata shrubs affect fire frequency and hence the natural fire regime in savannas. 

Many plant invaders are known to alter fire regimes and these invaders are recog-
nised to be among the most important ecosystem-altering species in the world
(Brooks et al. 2004). Chromolaena odorata is notorious for its ability to become a fire
hazard during the dry season, when leaves and stems dry out and many authors
have observed this in many different parts of the world (Pancho & Plucknett 1971;
Macdonald 1983; Napompeth et al. 1988; Lucas 1989; Muniappan & Viraktamath
1993; McFadyen & Skarratt 1996; Timbilla & Braimah 1996; Devendra et al. 1998;
Witkowski & Wilson 2001; Bani 2002). The leaves of C. odorata contain a whole
range of secondary compounds, among which are several volatile compounds  that
are believed to be responsible for its high tissue flammability (Liggitt 1983; Bamba et
al. 1993; Tonzibo et al. 2007). The species has been observed to burn even when
green in midsummer (Macdonald 1983; Liggitt 1983), but most likely weather
conditions at the time were extremely hot. In our large-scale fire experiment
(chapter 5) we observed that green shrubs did not burn readily, but needed a
certain heat threshold to ignite. Once ignited, shrubs burned fiercely with a jet flame
with fluorescent green flashes. This high flammability of C. odorata when weather
conditions are extreme (low humidity, high temperature, strong wind) (Trollope
1983) or when shrubs have dried out (e.g. after mechanical clearing) constitutes a
fire hazard for natural vegetation and changes the fire regime to more intense fires.
Moreover, due to its position in the landscape (forest margins) and its specific
growth form of scrambling into tree canopies of woodlands, adult C. odorata shrubs
are able to lift grassland fires into fire-sensitive tree canopies by increasing the
vertical continuity for the fire. This leads to chromolaena-induced high-intensity
canopy fires that have been observed before (Macdonald 1983; Macdonald & Frame
1988), but never experimentally induced as we did in chapter 5. 

Chromolaena odorata affects and is affected by fire in a complicated interaction
that was not well understood previously. In chapter 4 we showed that low-intensity
grassland fires reduce the seedling survival of C. odorata. Hence, establishment in
grasslands is hampered by fire, but not prevented. We hypothesise that, once C. odo-
rata becomes established, especially in the more mesic grasslands, and forms its
typical mono-specific dominant stands, C. odorata will reduce the frequency of fires
by out-shading the grasses and reducing fuel load. In contrast, in woodland habitat
the effect of C. odorata is increasing the fire intensity and vertical continuity, leading
to infrequent but high-intensity canopy fires. In chapter 5 we assessed if these Chro-
molaena-induced high-intensity canopy fires affect survival of adult C. odorata
shrubs and whether these types of fires could be used to control the species. This
latter question was put forward by the park management as they wanted to know
whether intense fires could increase the efficacy of current clearing methods. In
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chapter 5 we showed in a large-scale field experiment that adult C. odorata shrubs
can survive high-intensity canopy fires. The high-intensity canopy fire resulted in
100% top-kill of woodland trees and C. odorata shrubs, both of which were able to
re-sprout after the fire. However, due to its high growth rate, C. odorata was able to
re-grow much faster then native trees and quickly dominated the vegetation again.
After only several months C. odorata densities were back to pre-treatment densities,
thickening up even more due to reduced competition with the native trees. In this
way C. odorata creates a positive feedback between its own growth and fire. That
C. odorata is able to enhance its own spread through these incidental high-intensity
canopy fires has been suggested before (Macdonald 1983; Gautier 1996; Goodall
2000). Also, similar results were found in West-Africa, where after burning C.
odorata fallows the species came back in higher densities (Norgrove et al. 2000). An
additional factor that amplifies the positive feedback between C. odorata and fire is
that fire rejuvenates old and dense stands. Several papers have stated that C. odorata
shrubs become senescent after 10-15 years, individual shrubs do not reproduce
anymore, the canopy becomes less dense and native species are able to establish
(Kushwaha et al. 1981; Witkowski & Wilson 2001). The effect of burning such stands
is that individuals re-sprout and stands become rejuvenated. Therefore, the use of
fire without additional clearing, even when the fires are of high intensity, will
enhance the invasion of C. odorata. Also the timing of burning that is generally
performed at the end of the dry season (Aug/Sept) and therefore exactly coincides
with the time of the C. odorata ‘seed rains’, will further aid the invasion of this
species.

However, when C. odorata shrubs were slashed and poisoned according to the
standard clearing practice a few weeks prior to the ignition of the fire, the effects
were completely different. After about a year a continuous grass layer had estab-
lished with minimal re-invasion of C. odorata (chapter 5). After 4 years, C. odorata
individuals were present, but still in low densities. This result confirms our findings
in chapter 4 that C. odorata is able to re-invade savanna grasslands, but is severely
hampered by competition with grasses. We hypothesize that the conventional
clearing prior to the burning increased the fuel load and hence fire temperature,
killing the seedbank of C. odorata and preventing re-sprouting as the shrubs were
killed by the chemical treatment, allowing native grasses to re-grow. Previous studies
have shown similar results; over-sowing bare patches of ground with grasses
hampers C. odorata establishment (Erasmus 1988; Wu Renrun & Xu Xuejun 1991).
However, although the results presented in chapter 5 might be a triumph for
C. odorata control, effects on the native vegetation were drastic (conversion of
natural woodland to grassland). In figure 6.2 we show a conceptual model of the
C. odorata invasion in natural savannas to summarize the manifold interactions of
C. odorata and fire and the impact on the native vegetation. The chromolaena-
induced fire shifted the system from a woodland state into a grassland state. In the
savanna woodlands that harbour many fire-prone species, this is not perceived to be
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a big problem and opening up of the vegetation is regarded as positive for game-
viewing and it aids the control of bush-encroachment. However, in old-growth and
fire-sensitive riverine and gallery forests, this effect of C. odorata is highly devas-
tating and C. odorata-induced canopy fires could actually cause biome shifts from
forest to grassland. In this way it forms a threat to these already rare patches of
forest biome with high levels of diversity and endemism. Therefore I want to stress
the importance of protecting the last remnants of scarp forests in Hluhluwe-iMfolozi
Park and the rest of KwaZulu-Natal against the invasion of C. odorata. This has been
advocated before (Macdonald 1983; Liggitt 1983; Witkowski & Wilson 2001), but
dense C. odorata stands persist in the forest margins and every year another patch of
forest is destroyed by chromolaena-induced canopy fires. 

Previous studies have stated that the bare ground created after a fire provides
suitable germination conditions for C. odorata and that the species quickly re-
colonises these areas from seed (Macdonald 1983; Liggitt 1983). However, in our
plots that burned with a high-intensity fire we observed no seedlings, and re-coloni-
sation was only through re-sprouting stems (chapter 5). Apparently the seedbank
was killed by the fire. This has been suggested before by Witkowski & Wilson
(2001). It has been found that C. odorata seeds do not tolerate high soil tempera-
tures (Mbalo & Witkowski 1997), indicating that most of the seeds are indeed killed
after passage of a fire. Therefore, C. odorata’s colonisation of newly burned areas is
dependent on re-sprouting (when shrubs have not been previously cleared) or
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dispersal of fresh seeds from adjacent C. odorata stands. Unfortunately, the timing of
burning, that is generally performed in the end of the dry season (Aug/Sept), exactly
coincides with the seed set of C. odorata. This would indeed allow for quick dispersal
and re-colonisation of newly burned patches as reported by Macdonald (1983). 

Persistence
The ability to resprout and invest in the current generation is an important means
for plants to persist in the environment without the need for recruitment
(Bellingham 2000; Bond & Midgley 2001; Del Tredici 2001). Vegetative persistence
after a disturbance is a neglected concept in invasion ecology, but as I show in
chapter 5 it is an extremely important life history strategy for C. odorata. The ability
to re-sprout may greatly contribute to the invasiveness of a plant invader, as individ-
uals may optimise resource allocation, maximise fitness and prevent themselves from
local extinction (Closset-Kopp et al. 2007), for example after droughts or fires as is
the case for C. odorata. However, there is a cost to persistence. Plants that sprout
vigorously as adults tend to be poor recruiters (Bellingham 2000; Bond & Midgley
2001). This persistence-recruitment trade-off, however, does not seem to be equally
strong in native and invasive species (Knapp & Canham 2000; Webster et al. 2005;
Closset-Kopp et al. 2007). Also for C. odorata this persistence-recruitment trade-off
does not appear to be very strong as the species has a prolific seed production
(Witkowski & Wilson 2001). I hypothesise that C. odorata’s ability to re-sprout and its
lack of a trade-off between re-sprouting and seed production is an important explana-
tion for the success of this species, but further studies are needed to confirm this.

Which hypotheses play a role in the invasion of C. odorata?

In this thesis I could not clearly reject one hypothesis and accept another as many
processes simultaneously play a role in determining the invasiveness of C. odorata.
To summarise my results and put them into perspective, I made an overview of
current hypotheses explaining species invasions (for explanation of the hypotheses
see the introduction) and one-by-one explain the role they play in the invasion of
C. odorata and how they can help us to better understand and manage this invasive
species (table 6.1). 

To assess what other authors find to be key factors determining the invasive
success of C. odorata I have reviewed over 250 publications for traits and character-
istics that may be important in C. odorata’s invasiveness. Most of these publications
dealt with biological control and made no reference to traits or invasive behaviour,
but many other publications did. In total 99 publications made reference to traits or
impacts, but only a handful of publications specifically mentioned the key character-
istics that they thought were most important in explaining the species’ invasive
behaviour. Interesting to note was that C. odorata was often described using the
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word aggressive, which is generally a behavioural term used for animals. In table 6.2
I give an overview of invasiveness-related characteristics and list them according to
the number of times a specific characteristic is mentioned. Almost all publications
mention the ability of C. odorata to out-shade and smother native vegetation (the
‘liana strategy’ (Schnitzer & Bongers 2002)). Far fewer publications mentioned the
traits that are necessary for C. odorata to show this behaviour, namely: a high
growth rate and an allocation bias towards stems, resulting in a scrambling growth
form with many dense woven branches. Together with the prolific production of
wind dispersed seeds, these are most often mentioned as explaining the invasive
behaviour of C. odorata. 

Concluding remarks: The ideal weed?

Can we finally give some answers as to why C. odorata is such a successful invader? I
believe we do. The most difficult part, however, is how to implement this ecological
knowledge into existing control programmes and effectively control this species.
When I started my PhD work, one of my general ideas was that if C. odorata would
be a superiour competitor due to intrinsic traits (a ‘super species’ or ‘ideal weed’),
control efforts would be likely to fail, whereas when the invasion would be more
dependent on specific attributes of the community (like disturbance regimes), the
invasion would be easier to control. In some habitats the second seems to be true.
The invasion of C. odorata in degraded (tropical) forests, for example, can be
reversed once the forest is allowed to re-grow and the canopy closes again. But in
retrospect this was mostly a naïve idea and of course the reality is much more
complex. In the example of forest degradation in the tropics, reversing this process is
extremely difficult due to socio-economic challenges. 

In this thesis I have shown that species invasiveness and community invasibility
go hand in hand in determining when and where C. odorata will invade. As to why
C. odorata is so successful, I believe that the key to its success is (1) the presence of
specific traits that enhance the species’ invasiveness, such as high growth rate, high
reproductive output, high allocation to stems and profuse branching in adults, high
re-sprouting ability and high plasticity in traits related to capturing light (ideal weed
hypothesis), combined with (2) its high phenotypic plasticity, (3) the apparent
reduced trade-off between recruitment and persistence (escaping physiological trade-
offs) and between growth and stress tolerance (reckless invader hypothesis) and (4)
the fact that its traits and life-history strategy are unique to savanna systems (empty
niche hypothesis), see table 6.1 for further explanations. This is then further
enhanced by (5) the absence of natural insect herbivores (enemy release hypothesis),
(6) the novel interactions with the invasive-range soil community that amplify traits
that increase the species invasibility (chapter 3) and (7) the benign light environ-
ment in savannas compared to closed-canopy forests.
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Table 6.1 An overview of current hypotheses explaining species invasions and the role they play
in the invasion of C. odorata. For each hypothesis I have indicated if they play a role in the inva-
sion C. odorata (+); if they might play a role, but need further study (+/-), if they do not play a
role in explaining the invasion of C. odorata (-), or whether it is still unknown (?) or the hypoth-
esis is not applicable (NA), followed by my substantiating and references.

Hypothesis Plays a role in the invasion of C. odorata

Enemies release hypothesis +/- No clear evidence for release from below-ground
(Keane & Crawley 2002) enemies (Chapter 3).

Literature suggests release from above-ground
herbivores, notably phytophagous insects
(Cruttwell McFadyen 1988b; Kluge & Caldwell 1992).

Evolution of increased +/- No difference in competitive ability between native and
competitive ability hypothesis invasive plants was observed (Chapter 2). However, soil-
(Blossey & Nötzold 1995) biota induced allocation responses observed in invasive-

range plants indicates an interaction between resource 
allocation and below-ground enemies (Chapter 3).

Escaping physiological trade offs + C. odorata shows both high re-sprouting ability
between r- and K-strategy (Devendra et al. 1998) and prolific seed production
(Closset-Kopp et al. 2007) (Witkowski & Wilson 2001), indicating lack of trade-off

between recruitment and persistence (Chapter 4 & 5).

Reckless invader hypothesis + All or nothing strategy in requiring resources, indicating
(Simberloff & Gibbons 2004; a lack of trade-off between growth and stress tolerance. 
Alpert 2006)  C. odorata shows a high demand coupled with low  

efficiency for water (Chapter 2 & unpubl. data) and 
nutrients (Saxena & Ramakrishnan 1984).

Empty niche hypothesis + C. odorata shows an unique life history strategy that is
(Elton 1958) not present in the native community: a ruderal strategy 

(high RGR, SLA, SWR and reproductive output)  
combined with a persistence strategy (dying back and 
re-sprouting) (Chapters 2-5).

Novel weapons hypothesis + Allellopathy has been reported for C. odorata.
(Callaway & Aschehoug 2000; (Ambika & Jayachandra 1980; Sahid & Sugau 1993;
Callaway & Ridenour 2004) Gill et al. 1996; Ambika 2002a; Sangakkara et al. 2008)

Ideal weed + C. odorata has many species-specific traits that make it a
(Baker 1965) successful invader (Chapters 2-5), see also next paragraphs.

Ecosystem engineering + It has been suggested that C. odorata can modify its
(Crooks 2002) environment in favour of its own growth (Macdonald 

1983; Norgrove et al. 2000; McWilliam 2000).
We have shown how C. odorata can create high-intensity 
canopy fires that destroy woodlands and enhance its own 
growth (Chapter 5).

Adaptation hypothesis +/- Rapid evolution of C. odorata due to different selective
(Duncan & Williams 2002; pressures in the novel habitat has been suggested in the 
Maron et al. 2004) literature (Edwards & Stephenson 1974). The observed 

differences in growth form between native and invasive-
range populations (Chapters 2 & 3), enhanced by the 
interaction with the invasive-range soil community 
(Chapter 3) further supports this.
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Hypothesis Plays a role in the invasion of C. odorata

Biotic resistance hypothesis + Establishment and performance of C. odorata is
(Elton 1958; Levine et al. 2004) hampered by native savanna grassland (Chapter 4).

Missed mutualisms hypothesis +/- Lower mycorrhizal infection rates in the invasive range
(Richardson et al. 2000a; suggests that invasive C. odorata benefits less from 
Mitchell et al. 2006) mutualistic interactions (Chapter 3).

Enemy of my enemy  +/- No evidence was found for South African C. odorata
(Colautti et al. 2004)/ (Chapter 3), although results might be site specific, as
Accumulation of local pathogens evidence for this hypothesis was found for  Indian 
hypothesis (Eppinga et al. 2006) C. odorata (Mangla et al. 2008).

Invasional meltdown hypothesis +/- It has been suggested before that C. odorata forms
(Simberloff & Von Holle 1999) secondary invasions in areas that have been cleared from

other aliens (Macdonald 1984). I have observed
C. odorata facilitating for other alien plants (Solanum 
mauritanum,Tagetes minuta and Bidens pilosa) in the 
bare areas formed after dense C. odorata infestations 
burned and destroyed a patch of forest (unpubl. data).

Disturbance hypothesis + Disturbances aid the invasion of C. odorata. We have
(Hobbs & Huenneke 1992) assessed herbivore-induced small-scale disturbances in 

grasslands, low-intensity grassland fires and high-
intensity canopy fires (Chapter 4 & 5).

Dynamic equilibrium hypothesis  ? We have not measured productivity, but the species is
(Huston 2004) known to thrive only under high-nutrient conditions 

(Saxena & Ramakrishnan 1984).

Fluctuating resources hypothesis + The positive effect of small-scale disturbances in
(Davis et al. 2000) grasslands are likely to be mediated by increased light 

penetration (Chapter 4).

Invasion windows hypothesis + C. odorata benefits from periods of high rainfall or high
(Johnstone 1986) disturbance. Once established the species is likely to 

persist in the environment due to its high regeneration 
capacity (Chapter 4 & 5).

Local adaptation hypothesis +/- We did not find evidence for this hypothesis in the
(D'Antonio et al. 1999) natural savannas of Hluhluwe-iMfolozi Park, which are

largely unchanged by humans. However, in many tropical
systems degradation of the primary forests by humans 
allows C. odorata to invade (De Rouw 1991; Joshi 2006).

Environmental heterogeneity + The existence of high levels of heterogeneity in savannas
hypothesis might have aided the invasion of C. odorata due to a more
(Melbourne et al. 2007) diverse array of niches available. In Hluhluwe-iMfolozi 

Park woodlands and grasslands have different suscepti-
bility to invasion by C. odorata, woodlands being the 
more invaded state (Howison, 2009a).

Introduction pressure or NA C. odorata has been introduced accidentally into South
propagule pressure hypothesis Africa or escaped from a botanic garden (Zachariades
(Lockwood et al. 2005) et al. 2004). It is not deliberately sown and distributed by

humans.

Table 6.1 Continued



When placing the invasion of C. odorata in natural savannas in a more evolu-
tionary context, several questions remain open. The empty niche hypothesis, for
example, raises the question of why such a successful set of traits has not evolved in
the native savanna community, while the ideal weed hypothesis raises the question of
how such an extraordinary species could have evolved in the native range.
Regarding the first question, I believe that the individual traits that characterise
C. odorata are not unique per se. Most of the traits mentioned (high RGR, helio-
phytic, high reproductive output) are typical for plants of secondary succession and
are also present in several savanna species, e.g. Dombeya sp. or Lippia javanica. The
key to Chromolaena’s success is rather the combination of its specific set of traits and
life history strategy with community determinants, such as the absence of natural
enemies. For example, in its native range C. odorata does not easily colonise the
drier savannas, which is presumably due to the high level of damage that is caused
by the many insect herbivores feeding on C. odorata (Cruttwell McFadyen 1991),
indicating an important role for release from above-ground enemies in the invasion
of C. odorata. Regarding the second question, I believe that C. odorata is not an
extraordinary species per se, especially not in its native range where it is part of plant
communities without being invasive. I hypothesise that specific adaptations from the
species’ native range have proven to be highly effective in its invasive range as well.
For example, the specific herbivore defence based on high levels and variety of
secondary compounds (terpenoids, flavonoids, aromatic oils, etc. ) has evolved in an
arm’s race with a large complex of insect herbivores (Agrawal 2007) and not with
large mammalian herbivores that would rather induce a combination of mechanical
and chemical defence, such as development of thorns and/or high levels of tannins.
However, in the case of C. odorata this chemical defence against insect herbivores
seems to works excellent against mammalian herbivores as well. Another example is
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Hypothesis Plays a role in the invasion of C. odorata

Darwins naturalization ? There are few close relatives of the tribe Eupatorieae that
hypothesis are native to South Africa, 13 species occur in Southern 
(Darwin 1859) Africa of which 7 are alien invaders (Retief 2002). 

However, whether this might have allowed C odorata to 
become highly successful remains a topic for further study.

Global competition hypothesis NA This hypothesis does not deal with explaining the success
(Alpert 2006) of a single invader.

Habitat filtering hypothesis ? It is possible that C. odorata has been brought to
(Alpert 2006) botanical gardens for its wealth of flowers, which would 

have unintentionally selected for a high reproductive 
output. However, whether this has played a role in the 
successful invasion of C. odorata remains unknown.

Table 6.1 Continued



drought resistance. Sub-tropical savannas are much drier eco-systems then tropical
forests, receiving on average only half the amount of annual rainfall compared to
tropical forests (Cowling et al. 1997), but specific drought adaptations, such as thick
sclerophyllous leaves, lack in C. odorata. However, the species manages perfectly
well to survive regular droughts through a combination of dying back and re-
sprouting from the basal stem. I hypothesise that this strategy might have evolved to
survive large-scale disturbances, such as fires, which have been reported from C.
odorata’s native range (Cruttwell McFadyen 1991), hence explaining as well the
species’ ability to survive fire. Finally, the extensive distribution of C. odorata in its
native range might have selected for high levels of phenotypic plasticity. In its inva-
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Table 6.2 Characteristic of C. odorata. The numbers refer to the number of times a characteristic
has been mentioned in a publication (N). A total of 99 publications were used to compile this
table, although most of them did not specifically mention which traits the authors thought could
explain the invasiveness of C. odorata. Impacts have been mentioned (in gray) when there was
also an advantage for C. odorata (positive feedback).

Characteristics of C. odorata N

Competitive ability - physical smothering & out-shading 81
High growth rate 49
Prolific seed production 47
Flammable foliage / fire hazard 42
Wind dispersal of seeds 40
Growth form - creates dense mono-specific stands 31
Allellopathic properties 27
High environmental tolerance 26
High colonisation ability (germination, growth and reproduction) 24
Growth form - profuse branching of brittle stems 23
Vigorous sprouting ability 21
Heliophyte (requires light for growth and reproduction) 20
Fire tolerant - able to survive fires 19
Leaves and stems dry out in dry season to prevent water loss 15
Short term persistent seedbank, ~ few years, majority of seeds < 12 months 13
Heliophytic germination (requires light for germination) 12
Effective long distance dispersal (seeds cling to fur, clothes, machinery) 11
Tolerant in germination requirements 11
Low seed dormancy 10
Affects natural succession – acts as fire ladder, creates thicket 'state' 10
High in secondary metabolites 10
Short juvenile period 7
Synchronised flowering 7
Reproduction by apomictic means 6
Allocation - high investment in stems 5
Accumulating pathogens that have detrimental effects on neighbouring species 5
High phenotypic plasticity 5



sive range this will allow the species to tolerate a wide variety of habitats, which is
of fundamental importance to invade inherently dynamic systems like savannas.

Coming back to the question raised in my title: How close does C. odorata come
to being an ideal weed? I believe that the answer to this question is: Very close!
Table 6.3 shows the comparison of the traits found in the literature (table 6.2) to the
traits mentioned by Baker that determine the ideal weed. He mentioned as well that
probably no weed in existence has all the characteristics and if it did, it would take
over the world (Baker 1965). So fortunately for us, C. odorata does not display all
the characteristics of the ideal weed, but it does contain many of them. All but two
‘ideal weed’ characteristics are displayed by C. odorata, lacking in the short lifespan
of its seeds and only one or two discrete seed crops per year. These are, however,
vastly compensated for by its enormous seed production. Of course, as the character-
istics of ‘the ideal weed’ were based on closely related Asteraceous species, it is not
surprising that there is a good match in characteristics. Also, I believe that ‘the ideal
weed’ does not exist without its ideal community. It is true that C. odorata has
invaded a wide range of habitats, but there are also many habitats where it will
never invade, such as arid or temperate zones. For those areas C. odorata is certainly
not an ‘ideal weed’. Nevertheless, the invasion of C. odorata is a major global
problem and seriously impacts many livelihoods in the tropics and subtropics. In
2007, an extensive management report came out giving thorough guidelines for the
control of C. odorata in mesic savannas (Euston-Brown et al. 2007). I hope that my
research can add to this and, therefore, I want to conclude with a set of management
recommendations for the control of C. odorata in mesic savannas that have been
derived from my research. 
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Table 6.3 Characteristics of the ideal weed (Baker 1965; Baker 1974) and its similarities (√) and
dissimilarities (x) with Chromolaena odorata.

Ideal weed characteristics C. odorata

1. Germination conditions fulfilled in many environments √
2. Discontinuous germination (internally controlled) and great longevity of seed x
3. Rapid growth through vegetative (seedling) phase to flowering √
4. Continuous seed production for as long as growing conditions permit x
5. Self-compatible, but not completely autogamous or apomictic. √
6. When cross-pollinated, unspecialized visitors or wind utilized √
7. Very high seed output in favorable environmental circumstances √
8. Produces some seed in wide range of conditions: tolerant and plastic √
9. Has adaptations for short and long-distance dispersal √

10. If a perennial, has vigorous vegetative reproduction √
11. If a perennial, has brittleness, so not easily drawn from the ground √
12. Has ability to compete inter-specifically by special means √

(rosette, choking growth, allellochemics)



Towards a solutions – recommendations for mamagers

Conventional clearing
● Do not clear C. odorata without the certainty for follow-up and revisit the cleared

area within 9 months to a year to check the necessity for further action. Limited
clearing or broken off clearing programs will only worsen the invasion. 

● Hand-pull as large plants as possible, so not only the seedlings, to reduce the inci-
dence of re-sprouting. C. odorata plants do not root very deep, so especially low
density areas can be controlled with hand-pulling, thereby reducing the necessity
for follow-up.

● After conventional clearing the bare soil is generally covered with C. odorata
stem-litter. These litter-covered soils provide the perfect germination conditions
for C. odorata seeds. Follow-up efforts should specifically be aware of these litter-
covered areas and hand-pull all new seedlings after a few months. 

Fire without prior clearing
● Clear burned areas fairly shortly after burning as it eases the clearing and

prevents C. odorata from growing back dense stands. Especially low intensity fires
will allow C. odorata to re-invade quickly. Follow-up will be necessary.

● Be aware that the use of fire, especially low intensity (grassland) fires, might only
worsen the invasion of C. odorata as competition from the native flora is
temporarily relieved and the species quickly re-sprouts following fire.

● The timing of burning is important. Be careful with the use of fire during or
preceding the seed rain of C. odorata in Sept-Oct. I have observed grasslands that
were completely burned, with only the seeds of C. odorata remaining on the
shrubs above the ‘fire zone’. If, in areas that are planned to be burned, C. odorata
shrubs are flowering, try to spray against the flowers before burning or perform
follow-up clearing. Otherwise the optimal time for burning would in the period
Jul-Aug, which is after flowering but before seed set.

Fire with prior clearing
● For high density areas the combination of clearing a few weeks prior to burning

proved to be highly effective in controlling C. odorata, as both the plants as the
seeds in the soil were killed. However, destruction of endangered and fire-sensi-
tive native vegetation is a problem in certain areas, e.g. riverine and upland
forests.

● If grasses establish after intense C. odorata fires, regular burning is necessary to
keep C. odorata out in the longer term, but only if fires can be intense enough.
Otherwise follow-up clearing (possibly in combination with burning) might prove
to be more effective.
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Fire-sensitive habitats (riverine and upland forests)
● In fire-sensitive riverine and upland forests special care should be taken to

prevent burning and preserve these highly diverse and endemic vegetation types.
Fire exclusion might be a good management option to protect these habitats from
fire as C. odorata infestations will become senescent after being protected from
fire for about 10–15 years.

● Road sides in forests are particularly prone to invasion and represent a fire hazard
to the forests. These should be cleared regularly, if possible the dead litter should
be removed as well as this will remain a fire hazard for a longer period of time.
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Summary



During the last century biological invasions have become an important global
phenomenon and constitute one of the most serious threats to biodiversity world-
wide. Invasions are characterized by the proliferation, spread and persistence of
species in new areas that are often very distant from their native ranges. They largely
result from the ever-expanding human transport and commerce that deliberately or
accidentally distribute species around the face of the earth, moving them beyond
their natural dispersal barriers. Invasive species can have profound impacts on the
systems they invade, either directly, e.g. through predation or competitive exclusion
of native species, or indirectly through altering fundamental ecosystem processes,
like nutrient cycling, hydrology or fire regimes. The study of invasions is relevant not
only from the perspective of conservation biology, but also provides important
insights in the basic determinants of community structure, e.g. mechanisms relating
to species coexistence and turn-over, niche theory or plant – soil interactions. The
study of invasions has received more and more attention over the last decades and
much work in invasion ecology has focused on identifying underlying mechanisms
that explain invasion success. However, the basic questions ‘what determines a
successful invader’ (species invasiveness) and ‘which communities are susceptible to
invasion’ (community invasibility) remain yet largely unresolved and are the topic of
ongoing research.

In this thesis I studied the invasion ecology of Chromolaena odorata (L.) King &
Robinson in a natural savanna reserve in South Africa, Hluhluwe-iMfolozi Park. At
the start of my project dense infestations of this species occupied about 20% of the
park. This perennial, semi-lignified shrub originates from South and Central America
and is rapidly invading a wide variety of ecosystems, ranging from tropical rain-
forests to savannas in most of the Paleotropics. The species has a prolific seed
production of light wind-dispersed seeds, a high relative growth rate and a vigorous
re-sprouting capacity. It invades not only human-altered environments, but also
nature reserves, where it forms dense monospecific stands along river courses and
forest margins, out-shading native vegetation and preventing access to invaded
areas. In South Africa this species is highly invasive in natural savannas, where it is
thriving under much drier conditions than in its native range. Chromolaena odorata
is listed among the world’s worst alien invasive species and is threatening many of
the biodiversity hotspots of the world. The invasion of C. odorata goes hand in hand
with many of the underlying problems that affect conservation in the tropics and
sub-tropics, like rangeland and forest degradation and increasing human population
pressure. Therefore, the struggle to control C. odorata can serve as an excellent
model system to deal with invasions worldwide. The advantage of studying this
invasion in a natural system is that ecological feedbacks and intricate relationships
between different parts of the ecosystem are still in place at the landscape-level, e.g.
a diverse guild of herbivores, natural disturbances as fire and a highly diverse flora.
Hluhluwe-iMfolozi Park is characterised by high habitat heterogeneity on a relatively
small scale, and the level of invasion by C. odorata differs enormously among habitat
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types, which aids the search for specific habitat characteristics that might contribute
to its invasion success. Much is still unknown about the ecology of C. odorata and
why it can so successfully invade such a wide array of habitats. Currently, there are
no effective ways to keep this species under control. 

My main aim was, therefore, to gain a better understanding of the ecology of
C. odorata and its intricate relationships with native species in its novel habitat and
to integrate this ecological knowledge into more effective control programs. There is
no doubt that C. odorata is a highly successful invader, but we have no answer to the
question of why this species is so successful. Specifically its invasion in African
savanna habitat is poorly understood, since previously this species was known
mainly as an invader of forest margins of tropical rainforest. Therefore, increasing
our understanding of mechanisms that govern this high-impact invasion is of funda-
mental importance and will allow us to develop better methods to control this highly
invasive shrub. In this thesis I have explored several hypotheses that might play a
role in the invasion of C. odorata in savannas, focussing mostly on different types of
biotic interactions of C. odorata with the native community, specifically plant-plant
and plant-soil interactions, under different abiotic conditions and in the presence of
natural disturbances of savannas, like fire and trampling and grazing by herbivores. 

In general, exotic invasive species colonize habitats with abiotic conditions that
are similar to conditions in their native range. However, there are exceptions to this
rule. There are reports of species that can successfully invade new habitats that were
previously regarded as sub-optimal or unsuitable. Empirical field evidence of these
so-called shifts in a species’ realised niche during biological invasion, however, is still
scarce. In chapter 2 I have analysed cross-continental distribution data and show
that South African C. odorata has shifted its realised niche towards a drier habitat.
This corresponds with previous suggestions that the South African C. odorata consti-
tutes a different ecotype from the one that is invading tropical forests across the Old
World. Niche shifts in invasive species can be due to a multitude of mechanisms on
various niche axes and have major implications for our understanding of species
invasions. Niche shifts suggest that predictions made by distribution models based
on niche conservatism should be interpreted with care. In addition we provided an
experimental approach to distinguish possible causes of this realised niche shift in C.
odorata, i.e. whether it is caused by a shift in fundamental niche (through genetic
change), or by changes in the biotic environment (e.g., release from natural enemies
or competitors limiting the species in its native range) or by a combination of both.
We show that the observed realised niche shift in C. odorata can be attributed to a
combination of niche evolution through trait differentiation as well as shifts in the
competitive environment. Contrary to expectations, C. odorata proved to be an infe-
rior competitor to a native grass species in the seedling stage. However, the species
has evolved traits, such as a high allocation to stems that enable it to thrive in later
life stages which it can reach when temporarily released from competitors by distur-
bances as shown in chapter 4.
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Next to direct competition effects, indirect effects that are mediated through soil
communities also play a role in the invasion of C. odorata in natural savannas. Soil
communities and their interactions with plants are believed to play an important role
in determining the success of invasive species. However, rigorous investigations of
this idea using cross-continental comparisons, including native and invasive plant
populations, are still scarce. Several hypotheses have been formulated to test mecha-
nisms that might explain plant invasions in relation to natural enemies. When
invaders are assisted by humans to cross natural dispersal barriers they can become
released from control by their natural enemies, a process known as ‘enemy release’.
The lack of enemies in a new range may lead to natural selection for genotypes with
less allocation to defence and increased allocation to growth and reproduction,
leading to evolution of increased competitive ability (EICA). Also, invasive species
may indirectly facilitate their own performance in their non-native range by accumu-
lating soil organisms that are adverse to native plant species, a hypothesis known as
accumulation of local pathogens (ALP). In Chapter 3 I investigated if interactions
with the soil community affect the growth and biomass allocation of native and inva-
sive populations of C. odorata. I showed that soil biota did not affect total biomass,
but did change the biomass allocation pattern in C. odorata individuals. Plants from
invasive populations increased relative allocation to stem biomass and height growth
when confronted with soil communities from the invasive range. These effects are
generally overlooked in existing literature, as most studies only take into account
total biomass as a proxy for performance. Increased stem allocation and height
growth is a plastic response that may allow species to be more successful when
competing for light and therefore can affect the competitive balance between native
and invasive species. Furthermore, this response differed between native and inva-
sive range C. odorata populations, suggesting that selection may have taken place
during the process of invasion. 

Another important hypothesis in invasion ecology is the biotic resistance hypoth-
esis. Together with the enemy release hypothesis, this is one of the major hypotheses
formulated to explain the success or failure of exotic invasive species. Biotic resist-
ance is defined as the reduction in invasion success caused by the native community.
Successful invaders, next to having specific traits that might enhance their competi-
tive ability, must always overcome biotic resistance from the native community.
Native species can negatively affect colonising invaders in several ways, e.g. through
competition, predation and/or herbivory. Numerous studies have observed the
reduction of invasion success of exotic plant invaders through competitive interac-
tions. However, the underlying mechanisms are often poorly understood, e.g. which
resources are competed for, and in which life history stage competitive suppression is
most important. Also, the interplay of competitive interactions with natural distur-
bances (e.g. through native large herbivores or fire) is often unclear: do they
promote or inhibit invasions? In chapter 4 I tested if undisturbed savanna grasslands
can resist invasion by C. odorata and whether small-scale disturbances reduce this
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biotic resistance. We performed two field experiments in grasslands that are under
strong threat of C. odorata. In a transplant experiment with seedlings I showed that
seedling survival of C. odorata was severely hampered in undisturbed savanna grass-
lands, with mortalities of up to 80% in unburned grasslands and up to 95% in
burned grasslands. Soil disturbance (simulated herbivore trampling) however
strongly increased survival, while grass clipping (simulated grazing) did not. When
soil disturbances and grass clipping were combined, seedling survival of C. odorata
was highest, both in the burned and unburned savanna. Hence, disturbances created
by native herbivores might directly facilitate the invasion of C. odorata in savanna
grasslands through increased performance of the seedlings and indirectly through
increased post-fire survival. In a transplant experiment with adult shrubs I showed
that the growth of adult C. odorata was severely hampered through competition with
native grasses as well. Total biomass of adult shrubs was reduced by more than 50%
in competition treatments. Also reproductive output of C. odorata was severely
reduced through competition with native grasses. However, competitive interactions
did not induce higher mortality rates. This important result indicates that although
growth and reproduction are slowed down, adult C. odorata shrubs are able to
persist in grasslands once they are established. Therefore, the main bottleneck for C.
odorata invasion in savanna grasslands is the seedling establishment. Small-scale
disturbances are essential in temporarily lifting competition barriers and allowing
seedlings to escape to the next life stage, where they, although hampered in growth
and reproduction, can persist for a long period of time. Our results show that even
though biotic resistance from natural grasslands slows down C. odorata establish-
ment, growth and reproduction, it is not sufficient to fully inhibit the C. odorata
invasion that currently endangers the biodiversity of African savannas. 

Controlling invasive plants by direct control measures that target individual
species is extremely difficult and often unsuccessful in the long term. However, an
approach focused on changing ecosystem processes through the disturbance regime,
has provided promising results. The conventional control practice of C. odorata
consists of cutting the shrubs and poisoning the remaining stumps. This method is
very labour intensive and continued follow-up efforts are necessary because of the
quick re-sprouting of the species. In chapter 5 I investigated whether incorporating
an ecosystem approach can aid the conventional control practices of C. odorata. We
explored the role of fire, which is a natural component of savanna systems, in combi-
nation with the conventional manual and chemical clearing practice and tested if fire
can be used to facilitate C. odorata control. Chromolaena odorata is a highly flam-
mable, but fire tolerant, species. However, how C. odorata responds to, and affects
fire is poorly understood. We performed a full factorial large-scale field experiment
in densely invaded savanna woodland. We found that the combination of high inten-
sity fire with the conventional clearing practice proved to be very effective in control-
ling C. odorata and induced an ecosystem state switch from woodland into grassland.
Fire alone was not successful in reducing densities of C. odorata. Especially old
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shrubs proved to be highly resilient and re-sprouted quickly indifferent of fire inten-
sity. For young C. odorata shrubs fire proved to be more effective when fire intensity
was higher. The conventional clearing practice (poisoning and cutting) alone
reduced C. odorata densities initially, but the species quickly re-sprouted and regular
follow-ups will be necessary for several consecutive years to be able to reduce
C. odorata densities. Concluding, the combined approach of targeting C. odorata
directly through manual and chemical clearing, and at the same time manipulating
the natural disturbance regime through controlled burning, successfully reduced
densities of C. odorata in densely invaded savanna woodland. Moreover, dry
C. odorata shrubs can be used to fuel fires for controlling unwanted woody encroach-
ment and restoring thickets and encroached grasslands back into grasslands.
However, fire should be prevented at all times in fire sensitive habitats, like riverine,
scarp and sand forests. When a fire fuelled by C. odorata burns these highly diverse
and rare habitats, severe destruction and loss of species is the consequence.
Numerous examples of degraded forests can be found in the park and its direct
vicinity. 

Savannas are characterised by the presence of two system states: woodlands and
grasslands. There are different mechanisms governing the C. odorata invasion in
woodlands and grasslands. While in woodland habitats the high growth rate and
specific growth form of C. odorata make it a superiour competitor relative to the
other species, in grassland habitats C. odorata can only invade in the presence of
disturbances. In grasslands C. odorata shows size dependent competitive reversals:
C. odorata is less competitive in the seedlings stage when plants are small and more
competitive when plants have grown into adults and are able to out-shade the
grasses. In woodlands C. odorata is the superiour competitor and hence is difficult to
eradicate. A possible control strategy would be to shift the multiple stable state
dynamics towards a greater area of grassland dominated habitats, possibly using
cleared C. odorata shrubs and fire as mediators, although great care should be taken
with this approach. In savannas, dense C. odorata stands can be regarded as a third
system state next to woodlands and grasslands, as the vegetation dynamics in such
stands is completely altered. However, previous studies have shown that in the
absence of disturbance dense C. odorata infestations becomes dormant after 10-15
years and no longer reproduce, allowing native species to establish again. This indi-
cates that in these systems dense C. odorata stands form a (prolonged) succession
stadium, but no climax. Mechanisms governing the invasion of C. odorata in the
closed-canopy scarp forests are likely to be similar to tropical forests. In these
systems C. odorata can only invade if the forest canopy has been disturbed and will
be outshaded again when the forest canopy closes.  

In my thesis I have shown that C. odorata is able to transform its environment to
its own advantage (positive feedback interactions) and by doing so it disrupts the
normal functioning of savanna systems. One example is the positive feedback inter-
action between C. odorata and soil organisms. Soil organisms in the invasive range
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stimulate a higher investment in height and stem growth of invasive-range C.
odorata population, hence allowing the species to successfully out-compete native
species for light. Another example is the changing of the fire regime. By inducing
high-intensity canopy fires C. odorata reduces competition with native trees and due
to its capacity to quickly re-sprout, it will re-gain dominance before native species
can establish. Insight into these positive feedback interactions allow for a better
understanding of the C. odorata invasion in savannas and answer the question why
this species can become so dominant. Simultaneously this gives us handles to more
effectively control this highly-invasive species.
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Living in a game reserve. Top left: playing with fire. Top right: elephants in the camp. Middle right:
our home for 3 years. Bottom: waiting for a rhino to go off the road, always a good excuse for
coming too late for an appointment.   
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Biologische invasies zijn een niet meer weg te denken onderdeel van onze huidige
maatschappij en vormen één van de meest ernstige bedreigingen voor de biodiversi-
teit wereldwijd. Invasies onstaan doordat door de steeds toenemende handel en
mobiliteit van mensen, soorten opzettelijk of per ongeluk buiten hun natuurlijke
verspreidingsgebieden getransporteerd worden. Biologische invasies worden geken-
merkt door het ongebreideld verspreiden van soorten in deze nieuwe gebieden, die
in het algemeen ver van de natuurlijke verspreidingsgebieden af liggen. Invasieve
soorten kunnen grote gevolgen hebben voor de systemen die zij binnen dringen,
hetzij via directe uitsluiting van inheemse soorten, door bijv. predatie of concur-
rentie, of indirect door het veranderen van fundamentele ecosysteem processen,
zoals nutrientenkringlopen, hydrologie of vuur regimes. Het bestuderen van invasies
is niet alleen relevant vanuit het perspectief van de natuurbescherming, maar kan
ook belangrijke inzichten bieden in het functioneren van gemeenschappen, bijvoor-
beeld met betrekking tot het samenleven van soorten, successionele opeenvolging,
niche theorie of plant–bodem interacties. Invasies hebben in de afgelopen decennia
meer en meer aandacht gekregen en veel werk in de invasie-ecologie heeft zich
gericht op het identificeren van de onderliggende mechanismen die invasie-succes
verklaren. Echter, de fundamentele vragen 'wat bepaalt welke soort succesvol wordt'
(soortsinvasiviteit) en 'welke gemeenschappen zijn het meest vatbaar voor invasies'
(gemeenschapsvatbaarheid) zijn nog grotendeels onbeantwoord en zijn het onder-
werp van lopend onderzoek. 

In dit proefschrift heb ik de ecologie van de invasieve soort Chromolaena odorata
(L.) King & Robinson bestudeerd in een natuurlijk savanne reservaat in Zuid-Afrika,
het Hluhluwe-Imfolozi Park. In 2001 was ongeveer 20% van dit park bedekt met
dichte infestaties van deze plant. Chromolaena odorata is een overblijvende, semi-
houtige struik afkomstig uit Zuid en Midden Amerika en invadeert in een razend
tempo een grote verscheidenheid aan ecosystemen, variërend van tropische regen-
wouden tot savannes, in de gehele Paleo tropen. Chromolaena odorata heeft een
overvloedige productie van lichte windverspreide zaden, een hoge relatieve groei-
snelheid en een grote capaciteit om opnieuw uit te groeien uit de wortelstokken.
Niet alleen door de mens veranderde habitats worden geïnvadeerd door deze plant,
maar ook ongerepte natuurgebieden, waar de soort dichte, ondoordringbare mono-
cultures vormt langs rivieren en bosranden. Hierdoor wordt de inheemse vegetatie
uitgeschaduwd en de doorgang tot bijvoorbeeld rivieren ernstig belemmerd. In Zuid-
Afrika is deze soort zeer invasief in natuurlijke savannes, waar het floreert onder
veel drogere omstandigheden dan in zijn inheemse verspreidingsgebied. Chromo-
laena odorata behoort tot de 100 ergste invasieve soorten ter wereld en vormt een
grote bedreiging voor veel belangrijke biodiversiteitshotspots in de wereld. De
invasie van C. odorata gaat hand in hand met veel van de onderliggende problemen
die het behoud van biodiversiteit in de tropen en subtropen bemoeilijken, zoals de
verschraling van weidegronden, de degradatie van tropische bossen en de toename
van de menselijke bevolking. De strijd om C. odorata onder controle te brengen kan
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daarom dienen als een uitstekend model systeem om te gaan met invasies wereld-
wijd. Het voordeel van het bestuderen van deze specifieke invasie in een natuurlijk
ecosysteem is dat complexe multi-trofische interacties tussen de verschillende onder-
delen van het ecosysteem nog steeds functioneren op landschap-niveau, bijvoorbeeld
de interacties tussen een divers gilde van herbivoren en invertebraten, een zeer
diverse flora en natuurlijke verstoringen zoals vuur. Het Hluhluwe-Imfolozi Park
wordt gekenmerkt door een hoge habitat heterogeniteit op relatief kleine schaal en
de mate van C. odorata invasie verschilt enorm tussen de verschillende habitattypen.
Dit draagt bij aan de zoektocht naar specifieke habitat kenmerken die bepalend zijn
voor het invasie succes van deze soort. Veel is nog onbekend over de ecologie van C.
odorata en waarom het zo succesvol kan invaderen in een zo breed scala aan habi-
tats. Momenteel zijn er, op een zeer intensief handmatig kap-programma na, geen
effectieve manieren om deze soort onder controle te houden.

Het voornaamste doel van mijn proefschrift was daarom ook om een beter inzicht
te krijgen in de ecologie van C. odorata en de interacties van deze soort met de
inheemse soorten in het nieuwe habitat, met als uiteindelijke doel de integratie van
deze ecologische kennis in de huidige controle programma’s. Er bestaat geen twijfel
over dat C. odorata een zeer succesvolle invasieve soort is, maar tot op heden
hebben we nog weinig inzicht in de vraag waarom deze soort zo succesvol is. Met
name de invasie van C. odorata in de Afrikaanse savanne is slecht begrepen, aange-
zien deze soort voorheen vooral bekend stond als een indringer van (gedegradeerde)
tropische bossen. Juist daarom is het van fundamenteel belang om inzicht te
verkrijgen in de mechanismen die bepalend zijn voor de invasie van deze zeer inva-
sieve struik. Ook zal dit ons beter in staat stellen om effectievere controle methoden
te ontwikkelen gebaseerd op ecologische kennis. In dit proefschrift heb ik verschil-
lende hypothesen onderzocht die een mogelijke rol spelen bij de invasie van C.
odorata in savannes. Hierbij heb ik mij met name gericht op verschillende soorten
van biotische interacties van C. odorata met de inheemse gemeenschap, in het
bijzonder plant-plant en plant-bodem interacties, onder verschillende abiotische
omstandigheden en in de aanwezigheid van natuurlijke verstoringen van savannes,
zoals brand en vertrapping en begrazing door herbivoren. 

In het algemeen koloniseren uitheemse invasieve soorten habitats met abiotische
omstandigheden die vergelijkbaar zijn aan de omstandigheden in hun oorspronke-
lijke inheemse habitat. Er zijn echter uitzonderingen op deze regel. Er zijn soorten
bekend die met succes nieuwe habitats kunnen invaderen die voorheen beschouwd
werden als sub-optimaal of zelfs als ongeschikt. Empirisch veldonderzoek van deze
zogenaamde ‘niche verschuivingen’ van de gerealiseerde niche van een soort tijdens
biologische invasie, is echter nog steeds schaars. In hoofdstuk 2 heb ik cross-conti-
nentale verspreidingsgegevens geanalyseerd en laat ik zien dat  de gerealiseerde
niche van de Zuid-Afrikaanse C. odorata is verschoven naar een droger habitat. Dit
komt overeen met eerdere suggesties dat de Zuid-Afrikaanse C. odorata een ander
ecotype vormt in vergelijking tot de C. odorata die met name tropische bossen inva-
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deerd over de gehele Paleo tropen. Niche verschuivingen in invasieve soorten
kunnen te wijten zijn aan een veelheid van mechanismen op diverse niche-assen en
grote gevolgen hebben voor ons begrip van soortsinvasies. Niche verschuivingen
suggereren dat voorspellingen van de verspreiding van invasieve soorten gebaseerd
op niche-conservatisme, i.e. het behoud van gelijke niches, voorzichtig moeten
worden geïnterpreteerd. In dit hoofdstuk hebben we ook onderzocht wat de moge-
lijke oorzaken van deze verschuiving in de gerealiseerde niche van C. odorata
zouden kunnen zijn. Hiervoor hebben we een experimentele aanpak gebruikt. We
hebben bekeken of de verschuiving in gerealiseerde niche wordt veroorzaakt door
een verschuiving in de fundamentele niche (via genetische verandering), of door
veranderingen in het biotische milieu (bijv. bevrijding van de natuurlijke vijanden of
concurrenten die de soort limiteren in zijn inheemse habitat) of door een combinatie
van beide. Wij tonen aan dat de waargenomen verschuiving van de gerealiseerde
niche van C. odorata toegeschreven kan worden aan een combinatie van niche-
evolutie door differentiatie van soorts-specifieke eigenschappen en veranderingen in
het biotische milieu tgv. concurrentie. In tegenstelling tot de verwachtingen bleek C.
odorata de zwakkere concurrent tov. het inheemse gras Panicum maximum in het
zaailingenstadium. Toch heeft C. odorata bepaalde eigenschappen, zoals een hoge
allocatie aan stengels, die het mogelijk maken om vooral in latere levensfasen te
overheersen. Om deze te bereiken moet C. odorata tijdelijk kunnen ontsnappen aan
zijn concurrenten, bijvoorbeeld door verstoring, zoals weergegeven wordt in hoofd-
stuk 4.

Naast directe concurrentie tussen planten spelen ook indirecte effecten, bijvoor-
beeld veroorzaakt door de bodemgemeenschappen, een rol bij de invasie van C.
odorata in natuurlijke savannes. Verschillende onderzoeken laten zien dat bodemge-
meenschappen en hun interacties met planten een belangrijke rol kunnen spelen bij
het bepalen van het succes van invasieve soorten. Grondige onderzoeken van dit
idee door middel van cross-continentale vergelijkingen van inheemse en uitheemse
populaties zijn echter nog steeds schaars. Er zijn verschillende hypotheses geformu-
leerd voor het testen van mechanismen die plant-invasies kunnen verklaren in relatie
tot natuurlijke vijanden. Wanneer planten door de mens worden verspreid buiten
hun natuurlijke verspreidingsgebieden, kunnen zij vrijgesteld worden van controle
door hun natuurlijke vijanden, een proces dat bekend staat als 'enemy release'. Het
ontbreken van vijanden in een nieuw habitat kan leiden tot natuurlijke selectie voor
genotypes met minder allocatie aan verdediging en hogere allocatie aan groei en
reproductie, wat leidt tot evolutie van toegenomen concurrerend vermogen ofwel de
‘evolution of increased competitive ability’ hypothese (EICA). Ook kunnen uitheemse
invasieve soorten in hun nieuwe habitat indirect hun eigen prestaties verbeteren
door schadelijke organismen te accumuleren in hun wortelzone die nadeliger zijn
voor de inheemse soorten dan voor zichzelf, een hypothese die bekend staat als de
‘accumulatie van lokale pathogenen’ (ALP). In hoofdstuk 3 heb ik onderzocht of inter-
acties met de bodemgemeenschap de groei en biomassa allocatie van inheemse en
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uitheemse populaties van C. odorata beïnvloeden. Ik heb aangetoond dat de bodem-
biota geen invloed hadden op de totale biomassa, maar wel de biomassa allocatie in
C. odorata individuen veranderden. Planten afkomstig uit uitheemse invasieve popu-
laties (Zuid-Afrikaanse populaties) verhoogden hun relatieve allocatie aan stengel
biomassa en hoogte groei wanneer ze geconfronteerd werden met de bodemgemeen-
schappen afkomstig uit hetzelfde uitheemse verspreidingsgebied (Zuid-Afrika). Allo-
catie effecten worden over het algemeen over het hoofd gezien in de bestaande
literatuur, omdat de meeste studies alleen rekening houden met de totale biomassa
als een proxy voor de prestatie van een plant. Allocatie effecten kunnen echter een
grote invloed hebben op het uiteindelijke concurrentie-evenwicht tussen inheemse
en uitheemse soorten. Verhoogde stengel-allocatie en hoogte-groei is een plastische
respons die soorten een voordeel geeft bij de concurrenttie voor licht. Bovendien is
de respons verschillend tussen inheemse en uitheemse C. odorata populaties, wat
suggereert dat er selectie kan hebben plaatsgevonden tijdens het invasieproces voor
individuen met een verhoogde stengel-allocatie. Uiteindelijk zal dit de uitheemse
C. odorata in staat stellen om beter om licht te concurreren met de inheemse
soorten.

Een andere belangrijke hypothese in de invasie-ecologie heeft te maken met de
weerstand die de inheemse gemeenschap uitoefent om invasies tegen te gaan, dit
wordt de ‘biotic resistance’ hypothese genoemd. Samen met de ‘enemy release’ hypo-
these, is dit een van de belangrijkste hypotheses die geformuleerd zijn om het succes
of falen van uitheemse invasieve soorten te verklaren. Biotische weerstand wordt
gedefinieerd als de vermindering van het invasie-succes veroorzaakt door de
inheemse gemeenschap. Succesvolle invasive soorten moeten, naast het hebben van
soorts-specifieke eigenschappen die hun concurrentiepositie kunnen versterken,
altijd de biotische weerstand van de inheemse gemeenschap overwinnen. Inheemse
soorten kunnen koloniserende invasieve soorten op verschillende manieren negatief
beïnvloeden, bijvoorbeeld door concurrentie, predatie en/of herbivorie. Talrijke
studies hebben aangetoond dat het succes van uitheemse invasieve planten vermin-
derd wordt door concurrentie met de inheemse soorten. De onderliggende mecha-
nismen hiervan zijn echter vaak slecht begrepen, bijv. voor welke voedselbronnen
(nutrienten, water en licht) wordt er geconcurreerd, en in welke levensfase is
concurrentie het meest effectief? Ook het samenspel van concurrentie met natuur-
lijke verstoringen (bijvoorbeeld door grote herbivoren of brand) is vaak onduidelijk,
worden invasies juist bevorderd of afgeremd door verstoring? In hoofdstuk 4 heb ik
onderzocht in welke mate ongestoorde savanne graslanden de invasie van C. odorata
kunnen weerstaan en of deze biotische weerstand verminderd wordt door natuur-
lijke verstoringen van savannes, zoals brand en vertrapping en begrazing door herbi-
voren. We hebben twee veldexperimenten uitgevoerd in graslanden die sterk
bedreigd werden door invasie met C. odorata, maar die nog niet in hoge mate geïn-
vadeerd waren. In een transplantatie experiment met zaailingen heb ik aangetoond
dat overleving van C. odorata zaailingen ernstig werd belemmerd in onverstoorde
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savanne graslanden, met mortaliteit tot 80% in ongebrande graslanden en tot 95%
in gebrande graslanden. Wanner de bodem verstoord werd (gesimuleerde vertrap-
ping door herbivoren) nam de overleving sterk toe, terwijl gras knippen (gesimu-
leerde begrazing) de overleving niet beïnvloedde. De overleving van C. odorata
zaailingen was het hoogst wanneer bodemverstoring en gras knippen werden
gecombineerd, zowel in de gebrande als de ongebrande graslanden. Uit deze resul-
taten blijkt dat verstoringen door grote herbivoren de invasie van C. odorata in
savanne graslanden kunnen vergemakkelijken, zowel direct doordat zaailingen beter
presteren in aanwezigheid van verstoring, maar ook indirect door een hogere overle-
vingskans na brand. In een transplantatie experiment met volgroeide C. odorata
struiken heb ik aangetoond dat ook de groei van deze grote struiken (> 1m) ernstig
werd belemmerd door concurrentie met inheemse grassen. De totale biomassa van
de struiken werd gereduceerd met meer dan 50% in de concurrentie behandelingen.
Ook de reproductie van C. odorata bleek sterk verminderd door de concurrentie met
inheemse grassen. Echter, de concurrentie met inheemse grassen leidde niet tot
hogere mortaliteit van C. odorata. Dit belangrijke resultaat geeft aan dat, hoewel de
groei en de reproductie worden vertraagd, volgroeide C. odorata struiken prima in
staat zijn te volharden in graslanden zodra zij zich gevestigd hebben. Uit deze twee
studies blijkt dat het belangrijkste knelpunt voor C. odorata invasie in savanne gras-
landen de vestiging van zaailingen is. Verstoringen zijn essentieel voor succesvolle
zaailingenvestiging, omdat door verstoringen de concurrentie met de inheemse
grasses tijdelijk opgeheven wordt en zaailingen kunnen ontsnappen naar het
volgende levensstadium. Dus, hoewel de biotische weerstand van de natuurlijke
graslanden C. odorata vestiging, groei en voortplanting vertraagt, is het niet
voldoende om de C. odorata invasie die op dit moment de biodiversiteit van de Afri-
kaanse savannes in gevaar brengt, volledig af te remmen. Als volgroeide struik kan
C. odorata, weliswaar gehinderd in groei en reproductie, volharden in grasslanden
en uiteindelijk zal deze soort beetje bij beetje de grassen uitschaduwen en zo het
concurrentie-evenwicht om laten slaan in zijn eigen voordeel. 

Het controleren van invasieve planten door directe controlemaatregelen die
gericht zijn op individuele soorten is uiterst moeilijk en vaak niet succesvol in de
lange termijn. Echter, een aanpak gericht op het veranderen van ecosysteem-
processen door bijvoorbeeld het verstoringsregime, heeft veelbelovende resultaten
laten zien in eerdere studies. De conventionele methode om C. odorata te contro-
leren bestaat uit het kappen van de struiken en vervolgens de de resterende stompen
te vergiftigen. Deze methode is zeer arbeidsintensief en voortdurende nabehandeling
is nodig vanwege de snelle hergroei vanuit de wortelstokken. In hoofdstuk 5 heb ik
onderzocht of een integratie van de conventionele manuele en chemische methode
met een ecosysteembenadering, gebaseerd manipulatie van het vuurregime, kan
bijdragen tot de controle van de soort. Chromolaena odorata is een zeer licht
ontvlambare, maar vuur-tolerante soort. Hoe C. odorata reageert op vuur, en vuur
beïnvloedt is echter slecht begrepen. Wij hebben een grootschalig, volledig factorieel
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veldexperiment uitgevoerd in een hevig geïnvadeerd savannebos. Onze resultaten
lieten zien dat de combinatie van vuur met de conventionele controle methode zeer
effectief bleek te zijn bij de controle van C. odorata. Deze behandeling bewerkstel-
ligde een ecosysteem omschakeling van savannebos-gedomineerd habitat naar gras-
land-gedomineerd habitat. De behandeling waar alleen vuur werd toegepast, bleek
niet succesvol in het terugdringen van C. odorata dichtheden. Juist het tegenoverge-
stelde vond plaats. Na een jaar bleek de C. odorata dichteid hoger dan bij aanvang
van de studie. Vooral de oude struiken bleek zeer vuurresistent en veerkrachtig te
zijn en groeiden binnen enkele weken weer uit vanuit de overlevende wortels, onaf-
hankelijk van de intensiteit van het vuur. Vuurintensiteit bleek wel een effect te
hebben op de jonge C. odorata struiken en zaailingen, deze werden effectiever
gecontroleerd bij hogere vuurintensiteit. Maar ook hier bleek dat nog steeds een
significant percentage van de planten uit kon groeien na vuur. Wanner de conventio-
nele controle methode (kappen en vergiftiging) als enige behandeling werd toege-
past, verminderden C. odorata dichtheden in eerste instantie, maar de soort groeide
wederom snel uit uit de (gemiste) wortelstokken en regelmatige nabehandeling zal
nodig blijven voor meerdere opeenvolgende jaren om C. odorata dichtheden te
kunnen verminderen. Concluderend, de gecombineerde aanpak van de directe
controle van C. odorata via kappen en vergiftigen, en tegelijkertijd het manipuleren
van het natuurlijke verstoringsregime door gecontroleerde branden, is succesvol in
het verminderen van C. odorata dichtheden in dicht geïnvadeerd savanne-bos.
Bovendien kunnen C. odorata struiken, vooral onder droge omstandigheden, worden
gebruikt als brandstof om de ongewenste verdichting van inheemse struiken, zoge-
noemde ‘woody encroachment’ te beheersen en om dichte struwelen te herstellen in
graslanden. Deze aanpak moet echter alleen gebruikt worden in ongewenste stru-
welen en geïnvadeerde savanna-bossen, die redelijk vuur-tolerant zijn. Te allen tijde
moet worden voorkomen dat intensieve ‘Chromolaena-vuren’ ontsnappen naar waar-
devolle en zeldzame vuur-gevoelige habitats, zoals rivierbos, duinbos en de hoog-
land-bossen die het noorden van het Hluhluwe-iMfolozi Park bedekken. Deze
habitats worden ernstig bedreigd door C. odorata, vooral vanwege de verandering
van het vuurregime die deze soort teweeg brengt, i.e. het omhoogbrengen van
oppervlakte-vuren naar het kronendak. Wanneer een vuur dat aangewakkerd wordt
door C. odorata deze bos-habitats bereikt, is ernstige habitat vernietiging en het
verlies van vele soorten het gevolg. Talrijke voorbeelden van dergelijke aangetaste
hoogland-bossen kunnen worden gevonden in het park en haar directe omgeving. 

Savannes worden gekenmerkt door de aanwezigheid van twee systeem-toestan-
den: savannebossen en graslanden. Er zijn verschillende mechanismen die de invasie
van C. odorata in savannebossen en graslanden bepalen. Terwijl in het savannebos
de hoge groeisnelheid en de specifieke groeivorm van C. odorata deze soort tot een
superieure concurrent maken ten opzichte van de andere soorten, kan C. odorata in
graslanden alleen invaderen in de aanwezigheid van verstoringen. In de graslanden
vertoont C. odorata een ‘grootteafhankelijke concurrerende omkering’: C. odorata is
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minder concurrerend in de zaailingenfase als de planten klein zijn en meer concurre-
rend als de planten zijn uitgegroeid tot volgroeide struiken en in staat zijn om de
grassen uit te schaduwen. Vanwege het feit dat graslanden moeilijker te invaderen
zijn dan savannebossen, zou een mogelijke controle strategie die gericht is op het
verschuiven van de bos-gras verhoudingen naar een groter aandeel van grasland-
gedomineerde habitats met behulp van vuur en gekapte C. odorata struiken als
brandstof waardevol kunnen blijken. In de praktijk zal deze aanpak echter zeer risi-
covol en moeilijk te realiseren zijn, omdat het vrijwel onmogelijk is dergelijke hoge-
intensiteit vuren te controleren. In savannes kunnen dichte C. odorata monocultures
beschouwd worden als een derde systeem-toestand naast savannebossen en gras-
slanden, vanwege de volledig veranderde vegetatiedynamiek. Echter, eerdere studies
hebben laten zien dat in afwezigheid van verstoringen, dichte C. odorata infestaties
na 10–15 jaar verouderen en zich niet meer reproduceren, waardoor inheemse
soorten zich weer kunnen vestigen. Hieruit blijkt dat dichte C. odorata monocultures
een (verlengd) successiestadium vormen, maar geen climax. Mechanismen die de
invasie van C. odorata in de hoogland-bossen met een volledig gesloten kronendak
bepalen, zijn waarschijnlijk vergelijkbaar met die in tropische bossen. In deze
systemen kan C. odorata alleen invaderen wanneer het kronendak verstoord is en zal
het uiteindelijk weggeconcurreerd (uitgeschaduwd) worden zodra het kronendak
zich weer sluit. 

Uit mijn proefschrift blijkt dat C. odorata in staat is om zijn omgeving te transfor-
meren naar zijn eigen voordeel (positieve terugkoppeling) en zodoende het normale
functioneren van savanne systemen verstoort. Eén voorbeeld is de positieve terug-
koppeling tussen C. odorata en bodemorganismen. Bodemorganismen in het
uitheemse verspreidingsgebied stimuleren de uitheemse populaties van C. odorata
tot een hogere investering in hoogte en stengelgroei. Hierdoor kan de soort succes-
voller concurreren om licht met de lokale inheemse soorten. Een andere voorbeeld is
het veranderen van het vuurregime. Door het induceren van een hoge vuurintensiteit
en door het omhoogbrengen van oppervlakte-vuren naar het kronendak, vermindert
C. odorata de concurrentie met inheemse bomen. Vanwege zijn vermogen om snel te
kunnen hergroeien uit de wortelstokken, zal de soort vervolgens dominant worden
voordat de inheemse soorten kunnen terugkomen. Deze positieve terugkoppelings-
interacties geven een beter inzicht in het functioneren van C. odorata in savannes en
geven een antwoord op de vraag waarom deze soort zo dominant kan worden. Tege-
lijkertijd geeft het ons handvaten om deze zeer invasieve soort effectiever te kunnen
controleren.
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Een woord van dank

Previous page: sunset in the Timbavati.



Het verhaal van mijn PhD eindigt waar het begon, 8 jaar geleden in dit onderzoeks-
station in Hluhluwe-iMfolozi Park. Of misschien misschien al wel veel eerder, op de
lagere school, toen we de opdracht kregen een herbarium aan te leggen en ik met
precisie alle planten die op onze boerderij groeiden ging inventariseren. Een botanist
in hart en nieren! Hoe het ook zij, in 2002 ging ik samen met Joris naar Zuid-Afrika
om onderzoek te doen, hij begon met een promotieonderzoek aan grote herbivoren,
ik deed onderzoek aan de enthnobotanie van de Zulu’s en de bescherming van
‘muthi-planten’. Eenmaal aangekomen in Hluhluwe bood Joris’ promotor, Han Olff,
aan om samen een aio-voorstel in te dienen bij NWO-WOTRO en te komen werken
binnen zijn nieuw op te richten groep in Groningen. Dit was een ongekende kans die
ik met beide handen aangreep! Het onderzoek zou gaan over een invasieve plant die
een groot probleem vormde in het park en letterlijk de hele savanne overgroeide.
Het duurde vervolgens nog anderhalf jaar voordat alle financien rond waren en ik
daadwerkelijk kon beginnen. Achteraf bleek dat er in 2002 twee voorstellen over de
invasie van Chromolaena odorata in de laatse ronde van WOTRO terecht waren
gekomen en op dat moment de enige 2 wereldwijd!? Erg toevallig en ongelukkig
voor mij, want mijn voorstel werd afgewezen. You were the lucky one, Joshi and I
really like the work you did, it is cited throughout my thesis. Gelukkig maar dat de
finaciering uiteindelijk rond gekomen is en halverwege 2003 kon ik beginnen met
mijn onderzoek dat uiteindelijk tot dit proefschrift heeft geleid.

Natuurlijk heb ik dit allemaal niet alleen gedaan en er zijn veel mensen die ik
hier wil bedanken. Allereerst natuurlijk mijn promotor Prof. Dr. Han Olff, zonder wie
dit proefschrift er niet zou zijn geweest. Han, we hadden zo onze strubbelingen
samen, maar ik wil je op deze plek enorm bedanken voor al je steun. Ik herinner me
in het bijzonder een moment in het veld in 2006 toen een studentenproject misge-
lopen was en ik het allemaal niet meer zag zitten. Stilzwijgende steun deed
wonderen! Nogmaals ontzettend bedankt dat je in me geloofde en me destijds de
kans hebt gegeven een promotieproject op te zetten en vooral bedankt voor al je
waardevolle en creatieve ideeën, die de basis vormen van dit proefschrift. Dan dank
aan mijn externe adviseur, Prof. Dr. Ir. Wim van der Putten. Wim, bedankt dat me
destijds op het spoor zette van onderzoek naar boven- en ondergrondse interacties.
Ik heb dit deel van mijn proefschrift met veel plezier uitgevoerd en hoop dat het
ergens in de nabije toekomst een vervolg gaat krijgen. Furthermore I want to thank
Prof. Dr. D.M. Richardson, Prof. Dr. Ir. W.H. van der Putten and Prof. Dr. H. de Kroon
for the time and effort to read my thesis.

Dan ons geweldige veldteam, SABRE. I want to thank Nonhlahla Mbatha, Khanyi
Mpandza, Johan Ngobese, Sinenhlahla Mhlongo, Sipho Khumalo, Emmanuel
Buthelezi, Thobile Shelembe, Russel Xaba, Thabani Gumede, Mbhekiseni Khumalo
and Redphus Mhlaba. All of you helped me to collect a great quantity of data that
proved invaluable for the completion of this thesis, many thanks for that!! I always
greatly enjoyed your company and going out into the field together! Chewing
chicken feet for breakfast in the back of the car while driving to our Maphumulo site
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I will definitely not forget! Russel, I’m honoured that you named your little girl after
me and it always makes me happy to think about my little African namesake.
Nonhlahla and Khanyi, a special thanks to both of you. You stayed with SABRE for
many years and became like sisters. I remember you as two strong women that
always kept up the good spirit and greatly admire you for this. Nonhlahla, you
became a detective with the police force and Khanyi, you’re transferring your great
botanical knowledge in Kruger National Park and I’ve seen you name in the
acknowledgements of many talks at the most recent KNP Networking Meeting! I’m
glad that both of you are doing so well in your new jobs and Khanyi, I hope to see
you often when we come to Kruger! Ngiyabonga kakhulu! Sala kahle!!

I want to thank Ezemvelo KZN Wildlife, for approving my research proposal and
allowing me to work in Hluhluwe-iMfolozi Park. A special thanks to everyone at the
Hluhluwe Research Centre. Dave Balfour and Sue Janse van Rensburg for showing
the need for my project and thereafter greatly supporting it. Ruth and Owen
Howison, thanks for being great friends and having us stay in your house and family
on many occasions (Skyla and Caleigh thanks for putting up with our headstrong
Noah…). Also thanks for many interesting discussions as fellow Chromolaena-
researchers. Abednigo Mkwanazi, Baba Abednigo, thanks for all your help, nick-
names and jokes! I’ll remember the ‘I’m good, but not so good’ and other unique
statements, and will cherish the name you often used for me, ‘Makhoti’. You taught
me my species; trees, forbs, grasses and whenever you see me coming now with yet
another plant, you seem to try to hide, I wonder why… Tamalina, thanks for being
our second mother and taking such good care of us. For Noah you will always be his
gogo. Solani, thanks for keeping the office tidy and especially for helping me with
identifying forbs. Dave, Heleen, Bheka, Bheki, Erik, Kate, Johan, Sicelo, Lulama,
Zethu and Robin thanks for having made and making the office a nice place to work
and answering my questions or helping out in the field. Thanks also to William Bond
and the ‘Mellon’ staff, for helping with the Maphumulo fire experiment. From the
management I want to thank the (ex) conservators: Yoliswa Ndlovu, Sihle Nxumalo,
Pete Hardley and Craig Reid and the section rangers: Jabulani Ngubane, Dirk Swart,
Dave Robertson, Emile Smith, San Mary Ras and Paul Haverman for allowing and
facilitating my research. A special thanks to Jabulani, together with Johan you were
‘the last men standing’ in the firebreak and saved my Maphumulo fire experiment
from burning completely.

A special thanks to the ‘Dungbeetle’ community that provided us with a home for
over 3 years. Many people came and went. I specifically want to mention Wendy,
Cathy, Jan, Luca, Max, Bernie, Matt, Nicole, Eelke, Cleo, Krissie, Nikki, Liz,
Thadaigh, Michaela, Glenn, Anna, Helena, Alice, Annelies, Marjan, Lisa, An, Carla,
Janita, Robert, Julia, Claire.... Thanks for being a second family, many nice dinners,
a beautiful gourmet week, many many cups of tea, crazy Boss-nights and other
adventures!! You made working here really, really special and I left behind a piece of
my heart in this place. 
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Veel studenten hebben bijgedragen aan mijn proefschrift in de vorm van een
afstudeervak, zowel in het veld in Hluhluwe als in de kassen in Groningen. Margreet
Drijfhout, Kelly Elschot, Jelger Herder, Maarten van Hoppe, Nicola Stevens, Kobus
Boeke, Shaun McLennan en Frank Bos, bedankt voor jullie inzet! 

Daarnaast hebben vele studenten en niet-studenten op andere manieren bijge-
dragen aan dit proefschrift. Ik denk hierbij aan Hilco Jansma, Aafke van Erk, Robert
Buitenwerf en Joyce van Dorssen voor hun hulp bij het veldwerk en de studenten
van de University of KwaZulu Natal, die me in 2004 geholpen hebben vele trans-
ecten te lopen door het park om Chromolaena te inventariseren. Esther, enorm
bedankt voor al je hulp bij het oogsten van mijn Phumzumlomo competitie experi-
ment tijdens mijn laatste veldseizoen in 2007. Je weet wat het is een proefschrift af
te ronden en accepteerde daarom de complete waanzin die zo’n gigantische oogst
met zich meebrengt. Ik denk met ontzettend veel plezier terug aan die mooie tijd dat
je bij ons verbleef in Dungbeetle! Ook zal ik nooit vergeten dat er op mijn eerste
werkdag op het BC, op 6 januari 2003, een cadeautje aan mijn deur hing, iemand
was niet vergeten dat het die dag mijn verjaardag was...

Ik heb altijd met ontzettend veel plezier gewerkt bij COCON en wil daarom
iedereen enorm bedanken dat jullie vele jaren voor een leuke werkplek gezorgd
hebben. Wat ik vooral meeneem in mijn herinnering zijn de vele gezellige koffie-
pauzes en lunches, erg belangrijke momenten om inspiratie op te doen om weer
flink aan de slag te gaan! En natuurlijk niet in het minst belangrijk vanwege het
zwaar benodigde stukje chocolade... In het bijzonder dank aan mijn collega PhD
studenten en postdocs op de bovenste verdieping in het verste hoekje van het Biolo-
gisch Centrum: Roos, Esther, Dries, Mineke, Alma, Frank, Agata, Maarten, Renée,
Irma, Patrick, Chris, Nicole, Cleo, Sanne, Maarten, Verinne, Ciska, Jan, Joris, Verena,
Bernd, Nina, Alejandro, Erustus, Grant and Mike. Bedankt voor alle waardevolle
discussies, vrijdagmiddagborrels en gezelligheid. Rampal, Jan en Jelte, bedankt voor
de extra wetenschappelijke ondersteuning die ik soms nodig had. Mijn dank gaat
ook uit naar alle ondersteunende staf. Jacob, bedankt dat je me wegwijs hebt
gemaakt in de wereld van de kasstudies, Nelly, bedankt voor de labondersteuning,
Jan, bedankt voor alle hulp bij computeraangelegenheden en interessante voetbalfei-
tjes, Yzaak, bedankt voor interessante discussies over de koffie, Marjan, Joyce en
Ingeborg, bedankt voor het zijn van een vraagbaak voor alle mogelijke dingen die je
maar tegenkomt tijdens een promotie. Ik dank Dick Visser voor de lay-out van het
proefschrift en alle figuren in het proefschrift. A special thanks to my partners-in-
science in the field, Joris, Nicole, Verinne en Cleo, thanks a lot for making SABRE a
wonderful team to work in. Tenslotte, (ex) collega’s en vriendinnen, Verinne, Roos,
Ciska, Cleo, Nikki, Wendy en Esther, bedankt voor jullie vriendschap/thanks for your
friendship. 

Tweemaal emigreren en het krijgen van een baby tijdens het schrijven van een
proefschrift, versnelt het toch al lang- en moeizame schrijfproces niet. Ik had
gepland dat ik grotendeels klaar zou zijn met schrijven voor ons vertrek naar Bialo-
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wieza, Polen, in januari 2008, maar de werkelijkheid bleek anders. In plaats van te
schrijven belandde ik halverwege 2007 in de ziektewet met nog 3 hoofstukken te
gaan. Gelukkig kreeg ik ontzettend goede medische begeleiding van mijn bedrijfarts,
chiropractor en het pijnteam in het revalidatiecentrum Beatrixoord. Mijn enorme
dank gaat uit naar jullie! Jullie hebben me geholpen om al na een half jaar weer fit
genoeg te zijn om m’n proefschrift op te pakken. Speciale dank ook voor Jan van der
Burg, Esther Chang en Roos Veeneklaas, die toen ik weer begon met schijven veel
van het intensieve computerwerk overgenomen hebben.

Because of all this I ended up writing most of my thesis at the Zak/lad Badania
Ssakóv, the Mammal Research Institute in Bia/lowie·za, in the eastern-most corner of
Poland and I could not have dreamt of a better place to write up! With unlimited
access to the most beautiful forest of Europe, no distractions whatsoever and many
nice people to share ideas and PhD-writing stress, the thesis really got going again. I
want to thank all the people at the MRI for their support and proving me a stimu-
lating work environment. A special thanks for allowing me to attend your seminars
with a little baby! It really helped me to continue writing after Noah was born. A
special thanks also to Bogusia and W/lodek for your support and allowing me a work-
space at MRI, Dries and Marjola for being great friends and neighbours and Matt
and Gina, Marcin, Rafa/l, Graham and Michelle, Paulina, Iwona and Irek, Kamil,
Magda and Kryçek, Sylvia, Tomek, Robert and Gosia, Maren, Mirte and many others
for the nice parties and Friday afternoon beers! I thoroughly enjoyed our 1,5 years in
Bia/lowie·za and I definitely left behind a piece of my heart in Bia/lowie·za as well.
We’ll try out absolute best to come and visit as much as possible for many years to
come!! Dzieckujec bardzo!!

Nearly finished, but not quite, we had to emigrate again, this time to Norway in
June 2009. I want to thank prof. Nils Chr. Stenseth for immediately offering me a
workspace in his lab, the Centre for Ecological and Evolutionary Synthesis. Tusen
takk!!

Tenslotte wil ik de mensen bedanken die het dichtst bij me staan en die we vaak
achter moesten laten op onze reizen, maar die ons desalniettemin bleven steunen en
die we overal ter wereld blijven ontmoeten, Alex en Elsje, Verinne en Jelmer, Esther
en Nico, Igor en Linda, Jorit en Ellen, Ties en Nina, Peter en Alyssa, Jelle en Petra,
Kees en Evelien, Rik en Yvette, Robert en Leona, Charlotte, Romy, Roos, Ciska en
Henk, Cleo en Jan, Nikki en Robert, Wendy en Yathin, Sabine en Steve, bedankt voor
een gedeeld verleden en op een gedeelde toekomst! Thanks for a shared past and to
a shared future! Sabine, your friendship means a lot to me! With you I can share
anything and you are always there for me! I’m so sad that you can’t make it to The
Netherlands in June, but I’m so incredibly happy with the reason that you won’t be
able to come. You will be my honorary paranimpf and because the defense will be on
your birthday, you will have a special place during that day!

Mijn familie, papa en mama, Frank en Dennis, jullie moeten soms doodsangsten
hebben uitgestaan, als ik weer eens alleen op reis ging en het allemaal niet zo
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soepeltjes verliep. Bedankt dat jullie altijd voor me klaar staan en me overal op
komen zoeken!! Dinxperlo blijft mijn thuis, waar ik ook naartoe ga! Mijn oma’s en
Marijke, jullie hebben de afronding van dit proefschrift helaas niet allemaal meer
mee mogen maken, maar jullie zijn en blijven heel speciaal voor mij! Harrie en
Annie, Yvonne, Ferry, Kemy en Loena, Oma Braam jullie maken Brabant die veilige
haven waar we altijd op terug kunnen vallen, dank daarvoor. Families Cromsigt en
Braam, ik vind het heel speciaal dat ik in Brabant in twee van zulke warme grote
families terecht ben gekomen en het betekent veel voor me dat jullie me onvoor-
waardelijk in jullie midden opgenomen hebben!

Noah, je bent nog te klein om het te beseffen en vind het nu waarschijnlijk niet
meer leuk dat mama altijd moet werken, maar je bent mijn belangrijkste motivatie
geweest om dit proefschrift snel af te ronden. Elke dag dat je naast mijn bureau in de
box lag, was er één van geluk! Maar je bleef natuulijk niet in je box en daarmee
vormde je een geweldige deadline: zodra je ging lopen moest het proefschrift af zijn!
Ik vond het heel speciaal dat ik de afgelopen 1,5 jaar elke dag volledig met je door
mocht brengen! 

Joris, jij bent mijn steun en toeverlaat. Mensen onderschatten vaak hoe ontzet-
tend belangrijk de rol van de partner is in het afronden van een proefschrift. In jouw
geval helemaal, omdat we de hele route samen hebben afgelegd en je daarom in
bijna elke voorgaande alinea genoemd wordt. Door jouw nietaflatende steun, het
overnemen van Noah zodra je thuiskwam uit je werk en je onvoorwaardelijke liefde,
is het proefschrift geworden tot wat het is. Dank voor alle mooie jaren samen en dat
er nog vele mogen volgen! De lucht zit nog vol dagen!

Mariska te Beest Hluhluwe, 18 maart 2010
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Top: helping mommy writing her thesis in Bia/lowie·za, Poland. Bottom: Bia/lowie·za National Park.   
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SABRE’s bad luck with cars. Top left: Johan Ngobesi standing next to the Ford Courier being washed
away in a flash flood after breaking down on the riverbank the night before. Top right: the Ford
Courier being towed out of a ditch. Bottom: elephants loved the fig trees at the parking lot of the
research camp, unfortunately SABRE car’s were often in their way.   
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