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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. 
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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
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Figure 2.1 Two alternative scenarios for explaining shifts in realised niche during biological inva-
sions. Fig 2.1A shows a hypothetical fundamental and realised niche space in the native range.
Fig 2.1B shows a shift in realised niche due to evolution of the fundamental niche. Fig 2.1C
shows a shift in realised niche in the invasive range due to alteration in biotic environment, e.g.
changes in competitors or natural enemies.



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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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

Chapter 2

36

0.0

0.2

0.4

0.6

LW
R

 (
g/

g)
A

B
c

d

b
bc

dry
wet

C. odorata
(SA)

C. odorata
(PR)

a a

P. maximum
0

50

100

150

250

S
LA

 (
cm

2 /
g)

C

b

d

c
d

C. odorata
(SA)

C. odorata
(PR)

a a

P. maximum

0

2

4

6

10
W

U
E

 (
g/

kg
)

b
abab

a

C. odorata
(SA)

C. odorata
(PR)

d

c

P. maximum

200

8

Figure 2.4 Water use efficiency (A), leaf weight ratio (B) and specific leaf area (C) per species for
the different water availability treatments. WUE was calculated based on the monoculture treat-
ments only. Light bars indicate the low water availability treatment, dark bars the high water
availability treatment. Letters indicate homogenous groups with p < 0.05 (Tukey HSD test).  



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. 




