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Abstract

Ardisia crenata (Myrsinaceae), an evergreen shrub with attractive red fruits introduced from Japan to the
USA for ornamental purpose, invades the understory of mesic hardwood forests, forming dense patches
(up to 300 stems per m2), and competitively displaces native understory plants by creating dense local
shade. Comparison of the wild genotype that grows in mature evergreen broadleaf forests in central
Kyushu, Japan, with the ecotype invading north central Florida revealed how selection for desirable
cultivars might have inadvertently selected for traits that enhance the invasive potential of the species. In
Japanese wild populations in deeply shaded evergreen forests, natural selection apparently maintained
efficient architecture with a low degree of self-shading and large seed mass to enhance seedling shade
tolerance. Cultivar selection for showy appearance can explain the greater fecundity but smaller seed size
observed in the Florida populations compared to the Japanese population. Artificial selection for densely
foliated appearance can also explain the greater degree of self-shading and less-efficient light use in the
Florida genotype compared to the Japanese wild type grown under a common environment. Furthermore,
the Florida ecotype allocated more biomass to root carbohydrate storage. These trait modifications re-
sulted in slower growth rates, but greater competitive ability to cast shade upon neighbors and higher
resprouting potential in the Florida populations. How traits are modified through the processes of artificial
selection and cultivation must be taken into consideration in the evolutionary ecology of many other
invasive plants introduced as ornamental plants.

Introduction

The majority of invasive non-indigenous plants
in the USA have been deliberately introduced for
agricultural and horticultural purposes (Mack
and Erneberg 2002; Mack 2003). In Florida, the
percentage of invasive species introduced as or-
namental species is particularly high, due to ac-
tive horticultural importation of both temperate

and tropical species (Mack 2003). A total of 69%
of the Category 1 Plant Pest species in Florida
(species identified as altering natural communi-
ties, according to the Florida Plant Pest Council,
FLEPPC, in 2001, updated from Gordon and
Thomas 1998) were introduced as ornamental
plants.

The fact that many invasive species are of or-
namental origin may have a particular relevance
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in the ecological behavior of invading plant pop-
ulations. The practice of cultivation may directly
and indirectly affect the invasive potential of
introduced plants. For example, the reproductive
phenology of agricultural weeds can be highly se-
lected by the cultivation regime of the crop with
which they are associated (Barrett 1983). During
the initial phase of invasion when environmental
stochasticity is most likely to lead to the extirpa-
tion of small immigrant populations, cultivation
by humans fosters the establishment of the mini-
mal critical population size (Mack 2000). How-
ever, little is known about how artificial selection
for desirable traits during cultivation may have
modified the traits of wild genotypes prior to
introduction. Artificial selection for greater
reproductive output increases reproductive allo-
cation and fecundity in cultivars (Harlan 1975).
This change, in turn, may enhance colonization
potential of introduced plants once they escape
cultivation and become naturalized. Artificial
selection for tolerance of greater geographical
range may have increased the potential geo-
graphical area that escaped cultivars may invade.
Selection for greater tissue concentration of
medicinally useful secondary chemicals may in-
crease allelopathy and pest resistance in cultivars
that may act as ‘novel weapons’ (sensu Bais et al.
2003; Callaway et al. 2004) and, hence, increase
their competitiveness.

Several common garden experiments have dem-
onstrated significant genotype differences between
the introduced and native range of invasive plant
species (Blossey and Notzold 1995; Siemann and
Rogers 2001; Wolfe 2002). It is often hypothesized
that lack of natural enemies and changes in selec-
tive regimes result in the rapid evolution of re-
duced defensive traits and faster growth rates
(Evolution of Increased Competitive Ability or
EICA hypothesis, Blossey and Notzold 1995).
Alternatively, difference in mean genotype be-
tween native and introduced range may be attrib-
utable to the founder effect, because an introduced
population is usually derived from a small subset
of genotypes in the native range (Muller-Scharer
et al. 2004). Cultivar selection prior to introduc-
tion may contribute such that founding popula-
tions in the introduced range represent a
non-random subset of genotypes in the native
range. In the native country, wild populations

consist of genotypes that tolerate an array of bio-
tic and abiotic stresses, which may be achieved at
the cost of less biomass allocation to reproduc-
tion. Since cultivated plants are protected by hu-
mans, it is possible to select for higher
reproductive output even at the cost of lowered
stress tolerance and defense. These potential biases
in founding populations that descended from a
cultivar have rarely been addressed.

The invading population of Ardisia crenata
Sims. (Myrsinaceae) in the SE United States is
clearly of cultivar origin. It is an evergreen shrub
whose natural range extends from northern India
(20�N) to 36�N along the coasts where the cli-
mate is mild in Japan (Ohwi 1984). In China, it
is known as zhu-sha-gen (meaning ‘red sand
roots’) and widely cultivated for medicinal pur-
pose because of high concentrations of triterpe-
noid saponins in the roots (Jia et al. 1994). It is
also cultivated for ornamental purpose, including
A. crenata var. hortensis known as ‘rich seed’
variety that exhibits high fecundity (Shanghai
Garden Online, http://www.lvhua.com/chinese/
flora). In Japan, where it is known as manryo, as
many as 80 cultivars were isolated from mutant
seedlings during the horticultural boom of 1800¢
(Souga 1989), of which 35 are still listed in horti-
cultural literature (Tsukamoto 1980). But only
three cultivars appear to be commercially avail-
able in the USA (Lee et al. 2003; also http://
www.cultivar.org). The most commonly planted
cultivar resembles the invasive ecotype in Florida
in overall appearance with dense green foliage,
crenate leaf margin and showy red fruits. The
other two varieties (one with white fruits and an-
other with variegated leaves) are extremely rare
in the naturalized populations (KK and AMF,
personal observations). According to published
horticultural catalogues, A. crenata was imported
to the USA by the early 1900s (Dozier 1999). It
quickly became popular as Christmas berry or
coral berry (Bailey 1922) and widely planted in
shady yards (Conover and Poole 1989), but there
was no evidence of horticultural selection within
the USA. Due to ease of propagation from seeds
and cuttings (Watkins and Sheehan 1975), it was
perhaps not necessary to repeat importation after
this initial introduction. Individuals that escaped
cultivation have invaded the mesic forest under-
story in SE United States, often forming dense
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monodominant patches (Langeland and Burks
1998).

The first objective of our study was to compare
local density and seedling recruitment patterns
between Florida populations that descended from
a cultivar and the Japanese wild genotype of
A. crenata. To explore the reasons for much low-
er seedling density in Japan, we also compared
fecundity and seed size, examined seeds for possi-
ble presence of predispersal insect seed predators,
and evaluated seed germination potential. Our
second objective was to compare the functional
traits of juveniles between the two ecotypes under
a common environment, including germination
characteristics, seedling morphology and architec-
ture, and biomass allocation patterns including
carbohydrate storage in roots. Examination of fo-
liage display patterns may reveal how the invasive
Florida ecotype differs from the wild genotype in
patterns of light utilization and competitive abil-
ity for light as resource. Carbohydrate storage in
the roots may have allowed this shrub species to
survive stem loss from biotic (disease, stem aging,
heavy shading) and abiotic stresses (drought,
freezing) by enhancing resprouting potential from
the base. Our main hypothesis was that cultivar
selection for higher fruit production, dense foli-
age, and resprouting potential prior to introduc-
tion had enhanced the ability of A. crenata to
invade forests in the SE United States.

Materials and methods

General growth habits of A. crenata across regions

Much of the following background information
relevant for the study is based on observation of
over 30,000 juveniles and adults by the authors
in Florida and Japan. A. crenata does not exhibit
any vegetative reproduction through rhizomatous
or clonal growth, and all individuals establish
from seeds in the wild. Plants become reproduc-
tive when they reach approximately 20 cm in
height and start developing lateral branches.
Shoot extension and leaf production are limited
to July–September following flowering. Each lat-
eral branch has a finite lifespan of 2 years; as a
vegetative branch in the first year, and bearing
flowers and fruits terminally in the second year.

Evergreen leaves gradually senesce on fruit-bear-
ing branches. Plants may become as tall as
1.5 m, although most are less than 1 m tall.
Plants successfully acquire effective arbuscular
mycorrhizal fungi in the soils of the mixed hard-
woods in the introduced range (Bray et al. 2003).
Each red drupe consists of a single seed inside a
thin woody endocarp, which is embedded in a
fleshy mesocarp and thin, waxy exocarp. In Ja-
pan, all mature fruits are dispersed by native
birds such as Ixos amaurotis by June (personal
communication with N. Noma, University of
Shiga Prefecture, Japan). In Florida, fruits are
dropped or removed at a slower rate by frugivo-
rous birds including northern mocking bird,
Mimus polyglottus, and a conspicuous number of
ripe fruits remain even in October when the next
cohort of fruits start to mature.

Sampling of wild genotype in Japan

A. crenata naturally grows in the evergreen
broadleaf forests around Aya, Kyushu, Japan
(32�03¢ N, 131�12¢ E, elevation 380–520 m, mean
annual temperature 14.2 �C, precipitation
3070 mm; Sato et al. 1999). A total of 109 ha of
steep terrain (average slope angle=30�), domi-
nated by various evergreen oaks and other hard-
wood canopy trees (Tanouchi and Yamamoto
1995), is protected as a Long-Term Ecological
Research Site by the Forestry and Forest Prod-
uct Research Institute of Japan (FFPRI) because
of its value as a rare old growth forest in the
warm-temperate region. FFPRI has set up a 4 ha
permanent plot to study tree community dynam-
ics, including 400, 2 m�2 m subplots laid every
10 m in a grid system for estimating percentage
cover of each species and species richness in the
understory (Sato et al. 1999). In 42 randomly se-
lected 2 m�2 m plots, recruitment, survival,
height, and status of canopy tree seedlings have
been monitored every June–July since 1999.
Starting in 2001, the survey also included enu-
meration of A. crenata seedlings in the same
manner as for canopy tree seedlings. The under-
story (0–2 m from the ground) is less densely
vegetated, compared to the understory of the
mixed broadleaf forests in Florida.

In March 2001, we located a total of 18 repro-
ductive individuals of A. crenata within the
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permanent plot area in Aya and another old-
growth stand in Takaoka (17 km away from Aya).
Two fruits were sampled from each plant. One
fruit was cut open immediately and examined with
a hand lens for any evidence of predispersal dam-
age by insects or fungi. Within 5 days, the other
fruit was transported to the University of Florida
in a sealed plastic bag, the fresh mass of fruit and
seed was measured, and the seed was placed in a
Petri dish lined with moist filter paper to record
the time-course of germination at constant 26 �C.

Sampling of Gainesville populations
that descended from a cultivar

We selected five mixed hardwood stands that are
dominated by deciduous and evergreen hard-
wood trees and pines and contain dense patches
of A. crenata near Gainesville Florida, USA
(29�44¢ N 82�27¢ W, elevation 51 m, annual
mean temperature 20.6 �C, annual precipitation
1332 mm). The San Felasco population in a ma-
ture, mesic, mixed hardwood stand in the middle
of a 28 km2 State Preserve, at least 1.5 km away
from any residential development, was likely
established by a rare long-distance dispersal by a
vertebrate. The remaining four populations in
the mixed hardwood of unknown age probably
originated from short-distance dispersal of fruits
from A. crenata planted around nearby houses or
abandoned farms within a few hundred meters.
These populations were separated from each
other at least by 5 km.

At each site, we set four 2 m wide transects
radiating from the center of a dense A. crenata
patch (one randomly oriented transect within
each quadrant of compass direction), extending
beyond the edge of the patch by at least 10 m
after the last reproductive A. crenata individual
was encountered on the transect. The length of
each transect ranged from 14 to 61 m, averaging
36.2 m. Along each transect, we randomly set
five 1 m�1 m plots inside, and three outside,
where the last reproductive A. crenata was
encountered. In each plot, we recorded the num-
ber of A. crenata stems greater than 20 cm in
height, as well as percent vegetation cover by all
understory species including A. crenata.

Fecundity and seedling recruitment were
examined at two of these five sites in areas of

intermediate A. crenata density. In each site, we
selected 20 individuals >20 cm tall that were at
least 1 m away from other reproductive individu-
als in early March 2001, by which time only a
few fruits had been dispersed. Within a 1 m ra-
dius of the focal individual, we removed seeds,
fruits and seedlings from the ground, as well as
fruits borne on other reproductive plants within
a 2 m radius. We counted all fruits on each focal
plant and recorded seedlings emerging within the
1 m radius area every 2 months for one year
starting March 2001. The study was repeated,
starting in March 2002, with 20 different plants
at one site and 10 at the other.

The density of juvenile stems (0–20 cm) was
quantified in two of the five sites, and at two
additional sites (0.5 ha of secondary forest, and
8 ha of mature forest stand within the Natural
Area Teaching Lab, NATL) in the University of
Florida campus, mapping all individuals along
the permanent grid system (NATL) or using ran-
domly placed plots (other sites).

Seedling morphology and resource allocation

Germinated seeds from the Japan and Gainesville
populations were planted in plastic tubes (4.7 cm
diameter at the top, 16 cm deep) filled with com-
mercial potting soil (Proterra, Schultz, St. Louis,
MO). These were grown in a growth chamber
(Percival E36L, supplying PFD 300 lmol m)2 s)1,
set at 25 �C – 12 h day and 18 �C – 12 h night) un-
til the initiation of the experiment (9 months for
the Japanese population, 12 months for the
Gainesville population that was planted 3 months
earlier). This temperature regime was similar to
the monthly mean temperature during growing
season (May–September) both in Aya (20.1–
27.7 �C) and Gainesville (23.7–27.2 �C). Five
plants randomly chosen from each population
were harvested for the determination of initial size
and morphology. The remaining plants were
transplanted to 3.5 l pots and assigned randomly
to high and low light treatments in a glasshouse
(eight plants per treatment per origin). The plants
assigned to the low light treatment were covered
with a combination of 30% shade cloth and a
plastic film (PNTHR20 Dark, 3 M, St. Paul, MN)
that reduced the red:far red ratio from 1.02 to 0.25
to simulate the light quality under a plant canopy.
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According to spot measurements around noon on
cloudy and sunny days, the high and low light
treatments received on average 25 and 1.5% of full
sun under open sky, respectively.

After 4 months, all seedlings were harvested and
separated as leaves, stems (including petioles) and
roots. Individual leaves were scanned with a flat-
bed scanner and analyzed for length, circumfer-
ence, and area with NIH Image v. 1.62. Stem
height, number of branches, internodal distance
on the main stem, and petiole length were also re-
corded. Then, leaves, stem (including branches
and petioles), and roots were dried at 65 �C for
5 days and weighed separately. Although Gaines-
ville seedlings had greater initial total dry mass
(mean±SD=4.09±0.74 g) than Japanese seed-
lings (1.29±0.21 g), their mass was not signifi-
cantly different at the end in either light treatment.
Thus, the statistical comparison of size, morphol-
ogy, and biomass allocation was done at a com-
mon final size, avoiding the bias due to size
differences (Rice and Bazzaz 1989). Relative
growth rates (RGR) for biomass were calculated
for each plant harvested where RGR=(ln (final
total biomass) )ln (mean initial biomass for each
genotype))/30 weeks.

We used a three dimensional architecture mod-
el, YPLANT (Pearcy and Yang 1996), to simulate
the effects of differences in internodal length, peti-
ole length, and leaf morphology on light reception
efficiency. We measured and described the archi-
tecture and leaf display for three seedlings of the
Gainesville genotype per light treatment. From
these measurements, the YPLANT program cal-
culated the projected leaf area, with and without
accounting leaf overlap, from 160 directions (8
azimuth and 20 elevation angle classes, equally
dividing the hemisphere over the plant). Difference
between these two values divided by the actual to-
tal leaf area is the relative measure of self-shading
(SSP, self-shading proportion), and the mean for
each elevation class was calculated, yielding 20
mean values for each plant. To simulate the effects
of greater internode and petiole length in the Japa-
nese genotype, each plant architecture data file of
the Gainesville genotype was modified to create a
‘hypothetical Japanese plant’, by multiplying each
internode and petiole value with the mean ratio of
Japanese to Gainesville genotypes in the same
light environment. To simulate the leaf shape

effect, the leaf shape data file was replaced with a
file created from digitized leaves of the Japanese
genotype. Using these modified files, SSP values
were calculated for each ‘hypothetical Japanese
plant’ with the YPLANT program as for the
Gainesville plants. The results from the six
Gainesville plants and six ‘hypothetical Japanese
plants’ were analyzed statistically with MANO-
VA, using 9 mean SSP values from the upper 9 ele-
vation angle classes (from which most light would
be received) as the response variables, to examine
the effects of genotype, light environment, and
genotype�light interactions. All statistical analy-
ses were conducted with JMP-IN 4.0 software
(SAS Institute, Cary, NC, USA).

Dried roots were ground with a Wiley mill to
pass through a No. 40 mesh screen for determi-
nation of nonstructural carbohydrate (NSC) as
described in Marquis et al. (1997). Reducing sug-
ars were extracted with 80% ethanol, and starch
in the remaining solid was then digested to glu-
cose with amylogucosidase (Sigma A7255). The
glucose concentration of sugar and starch in the
final extract solution was determined with a phe-
nol–sulfuric acid reaction and the results were ex-
pressed as mg glucose equivalent per gram dry
mass.

Results

Spatial distribution in Florida vs Japan

The invading populations in Gainesville, Florida,
exhibit much higher maximum densities of both
adults and juveniles compared to the population
in Aya, Japan (Table 1). While the wild genotype
in Aya showed vegetation coverage less than 1%,
Gainesville populations reach cover of 80–100%.
In Japan, most adult plants had no seedlings
within a 1 m radius, with the maximum number
observed being less than five juveniles. In Gaines-
ville, however, as many as 631 juveniles were
encountered within the 1 m radius of an adult.

Comparison of reproductive traits

The seed size was significantly smaller for
Gainesville populations compared to Aya, Japan
(Table 1, t-test, P<0.0001), weighing only 60%
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as much, even though fruit size was similar be-
tween the two populations (t-test, P>0.05).
However, the number of fruits was much higher
in Gainesville than in Aya, both per branch and
per plant (Table 1). In Aya, 19 of 37 adult-size
plants had fruits. No predispersal insect or fun-
gal damage was observed in any fruits cut open,
and all seeds planted in a Petri dish germinated
within 2 weeks for both Gainesville and Florida
populations.

Seedling recruitment per plant per year was
much higher in Gainesville than in Aya
(Table 1). For each year between 2001 and
2004, only 9, 2, 2, and 1 new seedlings, respec-
tively, were found in the 42 census plots in Aya.
Assuming that vegetation cover of 0.5 and 1%
corresponds to 1 and 2 reproductive plants per
understory census plot, 0.2–1.8 seedlings were
recruited each year per adult in Aya. In con-
trast, in two Gainesville populations, the mean
number of seedlings recruited per adult per year
was 48 (between sites and years this ranged
from 15 to 74).

Seedling growth, morphology and allocation

Under a common environment, the Gainesville
genotype grew much more slowly than the Aya
genotype (Figure 1, Table 2). The relative growth
rate of biomass was significantly slower for the
Gainesville genotype than the Aya genotype in
both high and low light treatments (Figure 1b).
Both genotypes exhibited better growth under

higher light availability. Although Gainesville
seedlings were older and significantly larger at
the beginning, after 4 months under the high
light treatment, the faster RGR of Aya genotype
resulted in similar total biomass and taller stat-
ure (25.1 cm compared to 18.2 cm for Gainesville
genotype: Table 2).

These differences in growth rates can be ex-
plained by differences in morphology and bio-
mass allocation patterns between the Gainesville
and Aya genotypes. The Aya genotype had sig-
nificantly longer internodes (Figure 2a), which
partly explains its faster growth in height. The
Aya genotype also had significantly longer peti-
oles (Figure 2b). While total leaf area did not
differ between genotypes, plants from Aya had
more elongated leaves in terms of the ratio of
leaf length to width (3.91 vs 3.09) and ratio of
leaf length to leaf area (0.54 vs 0.41) than the
Gainesville ecotype (Table 2, Figure 3a).

According to the simulation of leaf display pat-
terns using YPLANT, the greater internodal
length, petiole length and more elongated leaf
shape in the Aya genotype resulted in a signifi-
cantly reduced degree of self-shading compared to
the Gainesville genotype (Figure 3b, showing sig-
nificant effects of the genotype in MANOVA,
df=1/8, F=833.6, P=0.0001, without significant
effects of light, genotype � light interaction, and
within-subject effects, P>0.1). The Aya genotype
exhibited biomass allocation patterns that enhance
biomass RGR, including a higher LAR (Figure 2c)
and lower Root/Shoot biomass ratio (Figure 2d).

Table 1. Comparisons of the local population density of juveniles (height £ 20 cm) and adults (height >20 cm), as well as reproduc-

tive traits (seed size, fecundity, juvenile recruitments) of A. crenata between Gainesville, Florida (invading populations descended

from a cultivar) and the Aya, Kyushu, Japan (native populations of the wild genotype).

Characteristics Gainesville-FL Aya-Jpn

Number of populations 6 2

Maximum cover (%) 50–100 <1%

Maximum stem density (m)2) 14–96 2

Maximum juvenile density (m)2)* 184–286 5

Fresh fruit mass (g)§ 0.253±0.050 (40) 0.242±0.024 (40)

Fresh seed mass (g)§ 0.094±0.014 (60) 0.159±0.019 (17)

Number of fruits per reproductive branch** 13–18 <12

Number of fruits per reproductive plant** 72–103 <50

Seedling recruitment per plant per year** 15–74 0.2–1.8

For Gainesville, values show a range of means or maxima for the six populations, unless otherwise indicated.
§Mean±SD (total number of fruits or seeds) for pooled samples across populations for each genotype.

*Sampled in four sites in Gainesville (see Materials and methods).

**Sampled in two sites in Gainesville.
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There was no genotype�light interaction for either
variable (Table 2). Higher light availability signifi-
cantly decreased LAR in both genotypes, but had
no effect on Root/Shoot ratio. Higher Root/Shoot
ratios in the Gainesville genotype compared to the
Aya genotype reflected greater total root biomass
in the former. But this difference was solely due to
high carbohydrate storage in the Gainesville geno-
type, which had significantly higher NSC in roots,
both in terms of tissue concentration (Figure 2e)
and total amount (Figure 2f) compared to the Aya
genotype. Indeed, in terms of structural root bio-
mass (= total root biomass)total NSC pool in
roots), the two genotypes were not significantly dif-
ferent (Table 2).

Discussion

The populations of A. crenata that descended
from a cultivar and invading north central Flor-
ida exhibit large phenotypic differences from the
wild populations in Japan. A greater number of
smaller seeds were produced per adult in the
Florida populations compared to the wild popu-
lations. The glasshouse experiment demonstrated
that the phenotypic differences in vegetative
traits reflected genetic differences between the
two ecotypes. These differences may have en-
hanced resource competition ability, resprouting
ability, seedling recruitment success, and the
establishment of high local densities in the Flor-
ida ecotype compared to the Japanese wild type.

Recent studies suggest that invading popula-
tions may rapidly evolve in response to changes
in selection regimes (Maron et al. 2004), often in
response to a lack of natural enemies, such as
specialist herbivores, in the introduced range
(Blossey and Notzold 1995; Siemann and Rogers
2001; Wolfe 2002). However, many other inva-
sive plants fail to show such ecotypic differences
between the native and introduced ranges (Willis
et al. 2000; Thebaud and Simberloff 2001; van
Kleunen and Schmid 2003; Vila et al. 2003; Boss-
dorf et al. 2004). Genetic diversity is often lower
in the introduced range than in the native range
because of founder effects (Bartlett et al. 2002),
which may even enhance invasiveness (Tsutsui
et al. 2000). More generally, genetic bottlenecks
bias mean trait values for quantitative traits,
such as size and fecundity, in either direction
(Simons 2003). Horticultural selection prior to
introduction of cultivars may further exacerbate
the bias in genetic make up in the introduced
populations compared to the native range.

Trait modification by cultivar selection prior
to introduction is strongly suspected in the case
of A. crenata. Popular ornamental cultivars in
China and Japan bear many large fruits (KK
personal observations). Plants sampled from six
residential backyards in Japan, near Tokyo,
had significantly larger fruits (mean fresh
mass=0.300 g) than both the Aya wild geno-
type and the Gainesville populations (Table 1).
However, the mean seed fresh mass was inter-
mediate (0.133 g) and significantly smaller than
for the Aya wild type (0.159 g). Although seed

Figure 1. Genotype differences in size and growth of A. cre-

nata seedlings between the invading populations in Gaines-

ville, Florida (Gnv-FL) vs wildtype collected in Aya, Japan

(Aya-Jpn) examined under light treatments (open: 30%, sha-

ded: 1.5% of full sun). Mean (+SE) for (a) total dry mass

and (b) relative growth rates of biomass (RGR). Italic letters

at the upper right corner indicate significant genotype (G),

light (L) and genotype�light interactions (G�L) in 2-way

ANOVA (P<0.05, see Table 2 for details).
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size exhibits considerable variation within a
population, there is a significant genetic compo-
nent leading to variation among populations
(Winn and Gross 1993; Susko and Lovett-
Doust 2000; Buckley et al. 2003). Both fresh
and dry seed mass differed significantly among
four Gainesville populations, two of which
were not significantly different from the Japa-
nese cultivar (mean fresh mass ranging from
0.089 to 0.120 g, all significantly smaller than
the Aya wild type, KK unpublished data). This
may reflect a founder effect as each Gainesville
population were probably established from a
few escaped individuals. More generally, be-
cause of seed size – number trade-offs, artificial
selection for greater fecundity, as well as natu-
ral selection for enhanced dispersal, may de-
crease seed size (Geritz 1995). In contrast, large
seed size is likely to be selected for in the dee-
ply shaded understory of evergreen broadleaf
forests in Aya, because large seed size is
important for seedling establishment in light-
limited environments (Poorter and Rose 2005).
Semi-deciduous forest canopy, combined with
milder winter temperature (mean January tem-
perature is 13.6 �C in Gainesville, compared to
7.6 �C in Aya), probably benefit net carbon
balance and aid the establishment of seedlings
from smaller seeds in Gainesville.

Few other studies have compared seed size
between native and introduced ranges. Buckley
et al. (2003) found significantly larger seeds for
invading population of Cytisus scoparius com-
pared to populations in the native range, and
attributed this difference to a rapid evolution-
ary change to enhance competitiveness in the
invading population. However, the same study
did not find a significant difference in seed size
of another invasive species, Ulex europaeus, be-
tween native and introduced ranges, and our
study found smaller seeds in the Japanese culti-
var as well as A. crenata naturalized in Flor-
ida. Thus, no generalization is possible as to
how seed size may evolve in invading popula-
tions. The period of 100 years since introduc-
tion may be sufficient for natural selection for
smaller seed size and lower seed to pulp ratio
in A. crenata to enhance dispersal, but the role
of artificial selection prior to introduction was
probably more important. Seed size exhibits
obvious variation among populations across
SW China (observation of A. crenata specimens
at the Chinese National Herbarium in Beijing,
China, by KK). A survey of the genetic varia-
tion of wild and cultivated populations across
their geographical ranges is necessary to test
unambiguously whether genetic differences be-
tween the native and introduced range reflect

Table 2. The results of two-way ANOVA for the effects of genotype (the site of seed collection, GNV-Florida vs Aya-Japan) and

light treatment (high vs low) on size, morphology, and biomass allocation characteristics in glasshouse-grown seedlings of Ardisia

crenata.

Variable Genotype Light Interaction

F P F P F P

Height 5.2 0.041 20.1 <0.001 4.3 0.06

Total dry mass 0.8 NS 92.6 <0.0001 2.5 NS

Total leaf area 0.5 NS 31.6 <0.0001 7.4 0.018

Biomass RGR 58.6 <0.0001 165.1 <0.0001 12.4 0.004

Internodal length 7.3 0.02 8.1 0.01 0.3 NS

Petiole length 59.6 <0.0001 <0.1 NS 1.7 NS

Leaf length/width 25.8 0.0003 0.5 NS <0.1 NS

Leaf length/area 53.8 <0.0001 9.3 0.003 3.2 NS

Leaf area ratio 10.4 0.007 36.4 0.0001 1.2 NS

Root/Shoot 14.0 0.003 <0.1 NS <0.1 NS

Total root mass 9.7 0.009 64.6 <0.0001 <0.1 NS

Root NSC conc. 12.8 0.004 11.4 0.007 0.05 NS

Root NSC pool 10.2 0.0085 30.8 0.0002 1.4 NS

Structural root mass 4.4 NS 68.6 <0.0001 2.2 NS

NS for P>0.1.
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pre-adaptation via cultivar selection, or evolu-
tionary change post-introduction.

The invasive ecotype of A. crenata in Florida
grows more slowly than the wild genotype in Ja-
pan. This is the opposite of the EICA hypothesis
that predicts faster growth rates and larger size
in invading populations compared to those in the

native range (Blossey and Notzold 1995). The
wild type of A. crenata growing in the understory
of evergreen broadleaf forests allocates more bio-
mass to shoots and avoids self-shading via longer
petioles and internodes. The resulting high light-
use efficiency is probably important for mainte-
nance of positive carbon balance in Aya’s deeply

Figure 2. Genotype differences in morphological and biomass allocation patterns of A. crenata seedlings established from seeds col-

lected in Gainesville, Florida (Gnv-FL) and Aya, Japan (Aya-Jpn) after 4 months of growth in high (open bars) and low (shaded

bars) light availability in a glasshouse. Means (+SE) for (a) average internodal length, (b) petiole length, (c) leaf area ratio (leaf

area divided by total plant mass), (d) Root/Shoot biomass ratio, (e) root NSC concentration, (f) total pool size of root NSC. Italic

letters at the upper right corner indicate significant genotype (G), light (L) and genotype�light interactions (G�L) in 2-way

ANOVA (see Table 2 for details).
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shaded understory. In contrast, the Florida eco-
type descended from a cultivar that exhibits
dense foliage and consequently lower light-use
efficiency and slower biomass growth rate. The
low light-use efficiency was probably less of a
challenge for the maintenance of carbon balance
in Florida mixed hardwoods, where the partially
deciduous canopy provides an opportunity for
carbon gain during winter.

Unlike disturbance dependent weeds for which
competitiveness is a function of the growth rates
in height and above-ground biomass (Blossey

and Notzold 1995), climax trees and understory
shrubs out-compete neighbors by extracting light
as the limiting resource more completely (i.e.,
lower R* sensu Tilman 1988; Canham et al.
1994; Kitajima et al. 2005). Light transmitted be-
low the crowns of isolated, adult individuals of
A. crenata was indeed less than below the crowns
of Prunus caroliana saplings, an abundant com-
ponent of the native woody vegetation in north
central Florida (KK and M Dooley, University
of Florida, unpublished data). Rounder leaves,
shorter petioles, and reduced internodal length
all contribute to lower light-use efficiency, but al-
low greater light competitiveness in invading
populations of A. crenata. However, this
enhanced competitiveness is unlikely to be the
result of rapid evolution after introduction. Ex-
tremely high monospecific densities of invading
populations mean that intraspecific competition
is more important than interspecific competition.
An adaptive evolutionary strategy in such a set-
ting would be to allocate more to shoots, pro-
duce longer internodes, and become taller more
rapidly than conspecific neighbors (Anten 2002).
Instead, the Florida ecotype exhibits architectural
patterns similar to cultivars, and consequently,
has inefficient light-use and slow growth rates,
but high tolerance of abiotic stress.

Greater allocation to root carbohydrate stor-
age in the Florida ecotype also contributes to its
slower relative growth rate compared to the Jap-
anese wild type. The Florida ecotype that des-
cended from a cultivar exhibits one of the highest
carbohydrate concentrations in roots, compared
to other temperate and tropical woody species
(Canham et al. 1999; KK unpublished data for
seedlings of 50 neotropical woody species). This
high root carbohydrate storage in the Florida
ecotype was unlikely due to post-introduction en-
emy release or selection for increased competi-
tiveness, and cultivar selection is again a likely
suspect. In both Japan and Florida, leaf herbiv-
ory of A. crenata appears extremely rare and
minor. However, stems become increasingly vul-
nerable to drought stress as they grow taller, and
they die back to the base in response to drought
and freezing events (KK and AMF unpublished
data). According to herbarium specimens, wild
plants in subtropical SW China frequently reach
more than 2 m tall, which is much taller than

Figure 3. (a) Typical leaf display patterns viewed from the

top of 1.5 year old seedlings grown from seeds collected in

Gainesville, Florida (left) and Aya, Japan (right) under shade

in a glasshouse. (b) The mean self-shading proportion for

each elevation angle using a three-dimensional architecture

simulation with the YPLANT program, for seedlings of the

Gainesville genotype grown in high and low light treatments

(Gnv-Hi and Gnv-Lo, respectively; means of three plants

each, with error bars indicating SD). The effects of elongated

leaf, longer petiole and internode of the Aya, Japan, genotype

were simulated by multiplying the actual values for these vari-

ables by the average ratios between the Aya genotype and the

Gainesville genotype under each light environment (Jpn-Hi

and Jpn-Lo, respectively).
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both Japanese and Florida populations. Com-
mon cultivation practice in Japan includes re-
peated stem-trimming and air-layering for short
and densely foliated appearance and protection
from freezing to allow cultivation in a colder cli-
mate than that of wild populations (Souga 1989).
In response to this practice, greater root carbo-
hydrate storage may have been artificially se-
lected for. Medicinal use of roots in China may
also have selected for greater biomass allocation
to roots (Jia et al. 1994). An unfortunate and
unintended consequence of the high resprouting
ability of the Florida ecotype is the difficulty of
eradication; A. crenata recovers easily from re-
peated mowing and above-ground removal by
resprouting from the stem base within a year
(KK unpublished data).

In conclusion, the role of cultivar selection
prior to introduction is strongly suspected as an
explanation for the differences between the wild
and introduced populations of A. crenata. Over-
all, the wild type in Japan and the invading Flor-
ida ecotype exhibit similar degrees of phenotypic
plasticity in vegetative traits and inhabit shaded
and mesic understory as preferred habitat. How-
ever, cultivar selection may have favored a par-
ticular genotype that was pre-adapted as an
invader in its new range where it can rapidly ex-
pand population size via many small seeds and
monopolize light in the less shaded understory.
Many other invasive plants were also introduced
as ornamentals or for production purposes. How
cultivar selection prior to introduction may en-
hance or decrease naturalization into a new
range is difficult to generalize across species.
However, artificial selection for higher growth
rates and fecundity may enhance invasiveness,
resulting in a similar pattern as predicted by the
EICA hypothesis. For this reason as well, the
process of cultivation is a step that deserves more
attention when studying the evolutionary ecology
of invasive species (Mack 2000). We propose that
for effective comparisons of ecological habits be-
tween the native and introduced ranges, how
traits are modified through the processes of arti-
ficial selection must be considered. In relation to
common garden experiments, future studies
should employ a molecular genetics approach to
decipher the evolutionary ecology of species inva-
sions (Lee 2002; Maron et al. 2004).
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