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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.   




