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ABSTRACT

Background: Chromolaena odorata, a perennial shrub, is native to tropical America and
invasive in Asia. In Asia it interferes with agriculture, forestry, and stockbreeding, and threatens
biodiversity.

Hypothesis: Invasive populations of C. odorata have adapted rapidly to new local environ-
ments, and this adaptation is at least partly responsible for their success. They show a cline with
climatic conditions absent in the natives. And they have evolved increased competitive ability
and decreased defensive ability (the EICA hypothesis) by growing to be larger than they had
been in their native range.

Locations: Tlayacapan, Morelos, Mexico and Menglun, Mengla, Yunnan, China.
Methods: Conduct two common garden experiments. Plant seedlings of 13 native and 13

invasive C. odorata populations in the garden in Mexico, and plant seedlings of eight native and
eight invasive populations in another garden in China. In the garden in Mexico, compare native
and invasive C. odorata populations. After 8 months, compare several of their functional traits,
and after 2 months, compare their leaf phenolic contents and their stem phenolic contents.

Results: Genetic differentiation in response to variation in mean annual temperature and
precipitation occurred in invasive populations but was not significant in native populations.
Inconsistent with the EICA hypothesis, invasive C. odorata were of similar size or even smaller
than natives. Total phenolics in leaves and stems of invasives were higher than in natives.
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INTRODUCTION

Invasive alien plants alter species composition, structure and function of invaded eco-
systems, often cause significant environmental damage, and are responsible for marked
economic losses worldwide (D’Antonio and Kark, 2002). Identifying the factors that contribute to
the success of invasives is very important for predicting and controlling potentially invasive
plants. The rapid evolution hypothesis proposes that the invasive success of alien plants
depends on their rapid adaptation to new environments (Hänfling and Kollman, 2002; Lee, 2002;

Maron et al., 2004; Rogers and Siemann, 2004; Bossdorf et al., 2005; Hierro et al., 2005; Lachmuth et al., 2011). Changes
to morphology, behaviour, and hereditary traits can be observed in some invasive plants
after only a few generations in the introduced range (Whitney and Gabler, 2008). In the introduced
range, the selection pressure of new environments is one important driver of evolution in
invasive plants, and the pressure can be from biotic or abiotic factors.

Enemy release is an important biotic factor driving the evolution of invasive plants, and
the EICA (evolution of increased competitive ability) hypothesis is an important theory to
explain the mechanisms of invasion. It states that in the introduced range, exotic plants are
liberated from their natural specialist enemies. In time, the exotics may lose costly defensive
traits, and reallocate resources and energy from their defensive system to growth (Blossey and

Nötzold, 1995; Wolfe et al., 2004; Zou et al., 2006, 2008). Daehler and Strong (1997) found that herbivore
resistance was reduced in Spartina alterniflora after a century of herbivore-free growth
in the introduced range. Siemann and Rogers (2001, 2003a, 2003b) also found an increase in
competitive ability of invasive populations of Sapium sebiferum, and decreased leaf
defensive ability compared with native populations. However, Bossdorf et al. (2004) reported
a decrease in the size of invasive Alliaria petiolata, and Schaffner et al. (2011) found no
significant difference in enemy defence between invasive and native populations of
Centaurea stoebe.

Acclimation to environmental gradients is one important abiotic factor driving the
evolution of invasive plants. Local adaptation is an important strategy with which plants
acclimate to heterogeneous habitats (Williams et al., 2008; Feng et al., 2009). When a plant enters a
new environment, it can adapt to that environment through genetic differentiation. Many
studies have indicated that genetic differentiation often occurs in invasive plants, and this
differentiation can sometimes be observed after a few generations only (Dlugosch and Parker, 2008a;

Whitney and Gabler, 2008). The common garden study is one powerful method to determine
genetic variation and local adaptation of invasive plants. In the common environment,
phenotypic plasticity can be excluded to identify performance differences among popula-
tions. Sexton et al. (2002) found that in a common environment, Tamarix ramosissima from
the northern range had a higher root mass fraction than conspecifics from the southern
range. They suggested that greater allocation of biomass to the roots improved defence
against frost (Sexton et al., 2002). In another common garden experiment, 25 invasive popula-
tions of Lythrum salicaria showed a strong latitudinal cline in initiation of flowering and
size at flowering, with plants from higher latitudes flowering earlier and at a smaller size
than those at lower latitudes (Montague et al., 2008). Local adaptation was also observed in the
response of invasive Senecio inaequidens to different altitudes. When different populations
of S. inaequidens were grown in a common environment, height and biomass were lower for
populations from high altitudes than populations from low altitudes (Monty and Mahy, 2009).

Multiple introductions of an alien plant can increase genotype variation in invasive
populations (Ellstrand and Schierenbeck, 2000; Bossdorf et al., 2005; Lavergne and Molofsky, 2007; Dlugosch and Parker,
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2008b). If these genotypes are coincidentally pre-adapted to various environments in
the introduced range, genetic differentiation may simply result from the redistribution of
various genotypes in the invaded ranges (Maron et al., 2004; Bossdorf et al., 2008; Dlugosch and Parker,

2008b), and not adaptive evolution after introduction. If invasive and native populations
show similar performance and cline patterns in a common garden experiment, this indicates
that genetic differentiation of invasive populations is caused by the redistribution of various
genotypes (Etterson et al., 2008). In contrast, genetic differentiation was inferred to be a result of
adaptive evolution within the invaded range where the performance of native and invasive
populations differed, and only phenotypic traits of invasive populations displayed cline
patterns (Dlugosch and Parker, 2008a; van Kleunen and Fischer, 2008).

Chromolaena odorata is a perennial shrub, native to Central and South America. It has
invaded much of the tropics and subtropics, impacting agriculture, forestry, and stock-
breeding, threatening biodiversity and causing environmental deterioration (Muniappan and

Viraktamath, 1993; McFadyen and Skarratt, 1996; Raimundo et al., 2007). Chromolaena odorata was probably
introduced into Asia as an ornamental plant in the early 1840s, through the Botanical
Gardens in Kolkotta (Calcutta, India) (McFadyen, 1989; Gautier, 1993). By the 1870s, the plant
had become naturalized in Dacca and the Ganges flood plain (present-day India and
Bangladesh). From Calcutta, it spread east into Assam and Burma, and then progressively
eastwards into China and south into Indonesia, particularly during the Second World War
(McFadyen, 1989, 2002), although it was already present in both of these countries in the 1930s.
Chromolaena odorata was first recorded in the Philippines in the late 1960s (Pancho and Plucknett,

1971), in Guam in 1963 (Marutani and Muniappan, 1991), and in the Marianas in 1973 (Fosberg and

Falanruw, 1973). It had spread to most of the Micronesian islands by 2000 (Muniappan et al., 2004). In
its invasive range, C. odorata can grow in diverse habitats, from rainforest to tropical
savannas, but whether adaptive evolution has facilitated its wide distribution is not clear.
Identifying the reason for genetic differentiation of invasive populations is very important
for predicting the potential area to which they might spread, while most previous studies
included only a few populations (Dlugosch and Parker, 2008a; Etterson et al., 2008; van Kleunen and Fischer,

2008; Monty and Mahy, 2009).
In the present study, we conducted a common garden experiment in Mexico (native

range) to explore the biogeographical differences in performance (biomass and height) of
C. odorata, and to determine whether invasive C. odorata display adaptive evolution to
major environmental factors (mean annual temperature or precipitation). Phenolics are
important chemicals in plant defence: they decrease leaf palatability and digestibility, and
some are also toxic to herbivores (Müller-Schärer et al., 2004). Thus, we conducted a second
common garden experiment in China (invasive range) to compare leaf and stem phenolic
content (defensive ability) between native and invasive C. odorata.

MATERIALS AND METHODS

Study site and seed collection

In this study, we performed two common garden experiments, one in Tlayacapan, Morelos,
Mexico (18�57�N, 98�58�W; 1634 m above sea level) and another in Menglun, Mengla,
Yunnan, China (21�56�N, 101�150�E; 570 m above sea level). In Tlayacapan, the mean
annual temperature is 19.3�C; the mean temperature in June (the hottest month) is 22.9�C
and that in January (the coolest month) is 16.9�C; mean annual precipitation is 988.8 mm
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with a dry period lasting from November to April (García, 1988). In Menglun, the mean
annual temperature is 21.7�C; the mean temperature in July (the hottest month) is 25.3�C
and that in January (the coolest month) is 15.6�C; the average annual precipitation is 1557
mm with a dry period lasting from November to April.

Seeds of Chromolaena odorata were collected in 2009 from 15 populations in its native
range (Central America) and 15 populations in Asia (evolutionary-ecology.com/data/
2861Appendix.pdf). In each population, seeds were collected from 10 individuals that were
at least 20 m apart from one another, and saved separately in paper bags (10 seed families
per population).

Common garden in Mexico

We used seeds of C. odorata from 13 native populations and 13 invasive populations in
this experiment (evolutionary-ecology.com/data/2861Appendix.pdf). The seeds of 26
populations were sown into a seed bed in a greenhouse in Tlayacapan in April 2010. For
each population, seeds from each family were raised separately. In late June, similar-sized
(10 cm tall) seedlings from each population were transplanted into the common garden. Ten
seedlings from 26 populations were planted 60 cm apart in rows of 26 (one seedling per
population). Weeds were pulled out carefully when necessary, and the seedlings were
watered every other day in the dry season at a rate of 2000 mL per seedling.

In February 2011, 50–100 leaves from each population were selected to determine leaf
area with a Li-3000C Leaf Area Meter (Li-Cor, Lincoln, Nebraska, USA). Leaves were
oven-dried at 60�C for 48 h, then weighed. The ratio of leaf area to dry mass was measured
to calculate specific leaf area (SLA), and average leaf size (single leaf area) was calculated
for each population. After measuring height, the aboveground parts of each individual were
harvested, oven-dried at 60�C for 48 h, then weighed. At the same range, for each variable,
the coefficient of variation was calculated as the ratio of standard deviation to mean value
(mean of each population as replicates).

Common garden in China

We used seeds of C. odorata from eight native populations and eight invasive populations
in this experiment (evolutionary-ecology.com/data/2861Appendix.pdf). In June 2009, seeds
of each population were sown separately in seedling trays in a shade house with 50%
irradiance. The germination medium was a mixture of river sand and forest topsoil (1:1). In
August 2009, when the seedlings were about 5 cm tall, similar-sized vigorous seedlings were
transplanted into 15-litre pots located under shade netting that allowed 50% irradiance.
Pots contained a mixture of 70% topsoil of a secondary forest (dominated by Phoebe
lanceolata and Castanopsis indica; excluding plant litter and stones) and 30% river sand.
Each pot contained one seedling. We planted 10 seedlings per population. After 2 weeks of
growth at 50% irradiance, all seedlings were grown in full sunshine by removing the shade
net. In October 2009, the stem and fully expanded leaves were collected from five plants per
population, and were dried at 60�C to constant mass and powdered to measure phenolics.
Total phenolics in leaf and stem were measured using the Folin Ciocalteu method (McDonald

et al., 2001).
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Statistical analysis

We used one-way nested ANOVA (population nested within range) to compare the
differences in height, aboveground biomass, aboveground biomass to height ratio, leaf size,
SLA, and phenolic content between native and invasive C. odorata. For C. odorata from
each range, differences in each variable among populations (population effect) were tested
by one-way ANOVA. In each range, stepwise regression analysis was used to analyse the
relationship between each variable and mean annual temperature and precipitation. All
analyses were conducted using SPSS v.17.0 (SPSS Inc., Chicago, Illinois, USA).

RESULTS

There were no significant differences in aboveground biomass and height between invasive
and native C. odorata populations (Fig. 1a, b), while leaf size and SLA were higher but
aboveground biomass to height ratio and leaf length to width ratio were lower for invasive
populations than native populations (Fig. 1c; Fig. 2a–c).

Chromolaena odorata plants from the invasive range had higher leaf and stem phenolic
content than plants from the native range (Fig. 3a, b). In each range, for all variables,
there were significant differences among populations (P < 0.05 for all variables; Table 1).
For all variables, the coefficients of variation were higher among native populations than
among invasive populations. Using stepwise regression analysis, for invasive populations,
the aboveground biomass to height ratio was significantly correlated with mean annual
temperature (Fig. 4a), and leaf size and SLA were significantly correlated with mean annual
precipitation (Fig. 4b, c). However, for native populations, there were no relationships
between the variables and mean annual temperature (or precipitation).

DISCUSSION

Under identical conditions, single leaf area and specific leaf area (SLA) (Fig. 2a, b) were
higher but leaf length to width ratio (Fig. 2c) and aboveground biomass to height ratio
(Fig. 1c) were lower for invasive Chromolaena odorata populations than for native
populations. The results suggest genetic differences between native and invasive C. odorata.
The differences in leaf size and morphology might be due to lower precipitation in the
native range (evolutionary-ecology.com/data/2861Appendix.pdf) than invasive range.

Table 1. Coefficient of variation (CV) for each variable in the same range,
and population effect on each variable in each range

CV (population effect)

Variable Native range Invasive range

Aboveground biomass 0.50 (P < 0.001) 0.26 (P = 0.003)
Height 0.20 (P < 0.001) 0.13 (P < 0.001)
Aboveground biomass/height 0.41 (P < 0.001) 0.17 (P = 0.012)
Leaf size 0.44 (P < 0.001) 0.16 (P < 0.001)
Leaf length/leaf width 0.18 (P < 0.001) 0.07 (P < 0.001)
Specific leaf area 0.09 (P < 0.001) 0.06 (P = 0.019)
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Fig. 1. Differences in aboveground biomass, height, and aboveground biomass to height ratio among
Chromolaena odorata plants from native (solid circles) versus invasive (open circles) ranges. Small
circles depict means and standard errors for each population; the two larger circles in the centre of the
figure are means and standard errors for all populations from each range. Significant difference
between ranges according to one-way nested ANOVA: *P < 0.05.
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Fig. 2. Differences in leaf size, specific leaf area (SLA), and leaf length to width ratio among
Chromolaena odorata plants from native (solid circles) versus invasive (open circles) ranges. Small
circles depict means and standard errors for each population; the two larger circles in the centre of
the figure are means and standard errors for all populations from each range. Significant difference
between ranges according to one-way nested ANOVA: *P < 0.05, ***P < 0.001.
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Larger leaves usually require greater evaporation due to the enhanced length of the
boundary layer for energy and gaseous exchange (Royer et al., 2005; Xu et al., 2009). Similarly, the
narrowing of the leaves is thought to be an adaptation to xeric environments, because
narrow leaves reduce transpiration by reducing the size of the boundary layer. Specific
leaf area, which is the ratio of leaf area to dry mass, is also positively correlated with
transpiration rate (Reich et al., 1997; Wright et al., 2007). In water-limited environments, the cell walls
of lamina are thicker and often strongly lignified, leading to a lower SLA. This structure
can enhance the epidermal resistance of water vapour through cuticles to reduce water
loss (Niinemets, 2001; Xu et al., 2009). The lower aboveground biomass to height ratio (Fig. 1c) of
invasive C. odorata was due to its lower biomass but greater height than native counterparts.

Fig. 3. Differences in leaf and stem phenolic content among Chromolaena odorata plants from native
(solid circles) versus invasive (open circles) ranges. Small circles depict means and standard errors for
each population; the two larger circles in the centre of the figure are means and standard errors for all
populations from each range. Significant difference between ranges according to one-way nested
ANOVA: *P < 0.05.
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The aboveground biomass to height ratio reflects the architecture of the plant. In invasive
C. odorata, a lower aboveground biomass to height ratio means fewer branches and
smaller canopy than native populations, and a sparser canopy can decrease intraspecific
competition at high density, thus helping invasion to succeed.

Inconsistent with the EICA prediction, invasive C. odorata were not larger (aboveground
biomass and height) than native populations (Fig. 1a, b). Similarly, Vilà et al. (2003) found
introduced Hypericum perforatum individuals not to be larger than native conspecifics.
Furthermore, invasive Alliaria petiolata were similar in size or even smaller than native
populations (Bossdorf et al., 2004). In contrast with the EICA, Callaway and Ridenour (2004)

proposed another mechanism for the evolution of increased competitive ability: If the
invasive plants possess allelochemicals that provide greater competitive advantages in their
new habitats than in their original ranges, then selection may act directly on those traits. Qin
et al. (2013) showed that neighbouring plants in the invasive range in China are indeed more
vulnerable to allelochemicals (presumably present in the leachate made from C. odorata)
than natives from the native range in Mexico. In this case, natural selection might facilitate
increased production of allelochemicals by invasive C. odorata. Indeed, we also found that
the phenolic contents of leaf and stem were significantly higher for invasive C. odorata
populations than native populations (Fig. 3). Vilà et al. (2003) proposed another explanation
for size reduction of the invader. In the invasive range, if neighbouring plants of the invader

Fig. 4. Aboveground biomass to height ratio, leaf size, and specific leaf area (SLA) as a function of
(a) mean annual temperature and (b, c) precipitation in invasive Chromolaena odorata. Mean values of
each population were used for stepwise regression analysis. No significant relationships were found in
native populations, thus data are not shown.
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were smaller than neighbours in the native range, natural selection might favour the
reduction of individual size but increase its competitive advantage at the population
level (Vilà et al., 2003; Bossdorf et al., 2004). In a previous study of C. odorata, neighbouring
plants from the native range (Mexico) were indeed found to be larger than neighbouring
plants from the invasive range (China) (Qin et al., 2013). According to our field investigation, the
community structure and composition of neighbouring species is very different between
the native (Mexico) and the invasive range (China), and the average size of neighbouring
plants in Mexico is also larger than that of neighbouring plants in China (Y. Zheng et al.,

unpublished data). In the invasive range, weaker and more vulnerable neighbouring plants might
induce invasive C. odorata to reallocate biomass and energy from growth to allelochemical
production. This evolution would decrease individual size but increase the allelopathic
effect of the invader, which, in turn, could increase competitive ability (stronger allelopathic
effect), reduce intraspecific competition, and facilitate successful invasion.

In each range, population effects on all variables were significant (Table 1), indicating
there are genetic differences not only between native and invasive C. odorata, but also
among populations in each range. For all variables, the coefficients of variation were higher
in the native range than the invasive range (Table 1). Table 1 indicates that the genetic
difference among native populations was higher than among invasive populations,
which was consistent with previous studies. Although we do not know the genetic make-up
of the C. odorata populations when they were first introduced to Asia, other studies also
show that C. odorata populations in Asia are genetically rather homogeneous (Scott et al., 1998;

von Senger et al., 2002; Ye et al., 2004). Perhaps C. odorata in Asia originate from a restricted
population? Based on nuclear (ITS) DNA sequences, W.-T. Li et al. (unpublished data) found
that C. odorata in Asia might originate from Trinidad and Tobago or Florida, USA. But
they also found its genetic diversity in those locations to be significantly higher than in
Asian populations.

For invasive populations, the aboveground biomass to height ratio was significantly
correlated with mean annual temperature (Fig. 4a), and leaf size and SLA were significantly
correlated with mean annual precipitation (Fig. 4b, c). But there was no such pattern among
native populations. These results indicate that adaptive differentiation in response to
variation in environmental factors (mean annual temperature and precipitation) has
occurred in the invasive range, but not in the native range. Yet C. odorata has occupied its
native range much longer than its invasive range, and should have adapted to local climatic
conditions there better than in its invasive range. That our results indicate the opposite
might be due to selective pressure from other factors (such as enemies, community structure,
and composition of neighbouring plants, soil conditions, etc.) being more powerful selective
forces in the native range than the invasive range (Vilà et al., 2003; Bossdorf et al., 2004;

Phillips et al., 2010). In the invasive range, perhaps C. odorata experience lower enemy
attack (enemy release) and weaker competition. Thus, the role of climatic factors would
be more important in the invasive range, leading to genetic differentiation of C. odorata in
response to climatic gradients.

Rapid evolution in response to local environments might be one important strategy
for successful invasion. This is consistent with C. odorata evolving in response to mean
annual temperature and precipitation, reducing its growth, and increasing its allelochemical
production. But this strategy did not lead to larger size in invasive C. odorata populations.
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