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Abstract

The mechanisms by which invasive species affect native communities are not well resolved. For example,
invasive plants may influence other species through competition, altered ecosystem processes, or other
pathways. We investigated one potential mechanism by which invasive plants may harm native species,
allelopathy. Specifically, we explored whether native tree species respond differently to potential allelo-
pathic effects of two invasive plant species. We assessed the separate effects of Lolium arundinaceam (tall
fescue) and Elaeagnus umbellata (autumn olive) on three common successional tree species: Acer sac-
charinum (silver maple), Populus deltoides (eastern cottonwood), and Platanus occidentalis (sycamore). Tall
fescue and autumn olive are widely planted and highly invasive or persistent throughout North America
where they often grow in forest edges, old fields, and other sites colonized by pioneering tree species. In an
exploratory greenhouse experiment, we applied aqueous extracts derived from soil, leaf litter, or live leaves
to native trees. We compared these treatments to a sterile water control and also to minced leaves leached in
water, a common, but potentially less realistic method of testing for allelopathy. For all tree species, minced
leaves from tall fescue reduced the probability that seedlings emerged, and minced leaves of autumn olive
reduced the number of days to emergence. During other demographic stages, the three native tree species
diverged in their responses to the invasive plants. Platanus occidentalis exhibited the widest range of
responses, with reduced root biomass due to minced tissue from both invasive species, reduced days to
emergence and marginally reduced survival from minced tall fescue, and reduced leaf biomass from tall
fescue leaf litter. Populus deltoides appeared insensitive to most extracts, although survival was marginally
increased with application of minced or fresh leaf extracts from autumn olive. In addition, minced tall
fescue shortened the time to seedling emergence for Acer saccharinum, potentially a positive effect. Overall,
results suggest that allelopathy may be one mechanism underlying the negative impacts of tall fescue and
autumn olive on other plant species, but that effects can depend strongly upon the source of allelochemicals
and the tree species examined.

Introduction

Exotic, invasive species have the potential to affect
the structure of native plant communities (Vito-
usek 1990; Mack et al. 2000; Woitke and Dietz
2002). Impacts include changes in the diversity or
relative abundance of native species and alteration

of the successional dynamics of communities over
time (Wilcove et al. 1998; Parker et al. 1999; Cronk
and Fuller 2001). Mechanisms underlying the
effects of invasive species on communities have
received much less attention than the impacts of
the invaders on communities or ecosystems
(Levine et al. 2003). For example, invasive species
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may displace natives through competition, changes
in ecosystem processes, or allelopathy, among
other mechanisms (Mallik and Prescott 2001; Hi-
erro and Callaway 2003; Levine et al. 2003), and
the relative importance of these factors remains
unclear.

The success achieved by many exotic plants may
result from ecological advantages afforded by
plant traits that are novel to the recipient com-
munity (the novel weapons hypothesis) (Callaway
and Aschehoug 2000; Bais et al. 2003; Callaway
and Ridenour 2004; Callaway et al. 2004; Vivanco
et al. 2004). One potentially important trait, allel-
ochemical interference (Seigler 1996), has been
reported for many species, in either their native or
introduced habitats, although usually not in both
(e.g., Kocacaliskan and Terzi 2001; Souto et al.
2001; Bertin et al. 2003b). Testing the novel
weapons hypothesis requires comparing the rela-
tive strength of effects of the invading species on
co-occurring plants in the introduced habitat to
effects of the invader on co-occurring plants in its
native range. Stronger negative impacts on co-
occurring plants in the introduced habitat than in
the native habitat support the hypothesis that the
invader possesses a novel weapon in its new hab-
itat (Callaway and Ridenour 2004). A first step
toward testing the novel weapons hypothesis is to
determine whether the invasive species has any
negative impacts on co-occurring species in its
introduced habitat. Here, we test for such negative
impacts of the invader via potentially allelopathic
mechanisms.

Much of the prior research on allelopathy comes
from agricultural or laboratory settings, limiting
the ability to infer the ecological relevance of the
results for native plant and soil communities (In-
derjit 2001). Furthermore, methods used to extract
and deliver putative allelochemicals have also often
been ecologically unrealistic (Inderjit and Weston
2000). Inderjit and Callaway (2003) note, ‘Alle-
lopathy is better demonstrated through experi-
ments in which a toxic product is shown to be
released from the putative aggressor, and arrives at
the putative victim in functional concentrations
under reasonably natural conditions.’ Despite re-
cent efforts aimed to mitigate the shortcomings of
earlier methodology (e.g., Tongma et al. 1998; Fujii
2003; Hane et al. 2003), relatively few studies have
investigated allelopathic interference by using
realistic sources and concentrations of putative

allelochemicals (e.g., foliar leachates or root exu-
dates; Inderjit and Weston 2000; Inderjit and
Callaway 2003). For example, compounds toxic to
other plants can be artificially isolated from many
plant species, but these compounds are not neces-
sarily encountered by neighboring plants in nature
(Harper 1994). Furthermore, little research has
explored whether co-occurring native species differ
in their responses to allelopathy (but see, Vander-
mast et al. 2002; Grant et al. 2003; Renne et al.
2004), potentially resulting in a shift in species
composition due to the allelopathic effects of an
invader.

We explored the allelopathic potential of two
common, exotic and invasive plant species, Lolium
arundinaceam (tall fescue) and Elaeagnus umbellata
(autumn olive). These Eurasian species have been
widely planted throughout North America and are
considered invasive or pest species in many regions
(Hiebert 1990; Clay 2001; Clay and Schardl 2002;
Raloff 2003; Yates et al. 2004). Both species often
grow in old fields and along forest edges colonized
by pioneering tree species. Tall fescue and related
species have been reported to exhibit allelopathic
potential in their introduced habitats (Peters and
Zam 1981; Luu et al. 1982; Peters and Luu 1985;
Preece et al. 1991; Malinowski et al. 1999; Bertin
et al. 2003a). Both tall fescue and autumn olive are
often found in dense monotypic stands that sug-
gest allelopathy as a potential mechanism under-
lying their success (Levine et al. 2003). Tall fescue
occurs commonly in old field communities and is
most likely to affect native early successional tree
species. In contrast, autumn olive is shade-tolerant
and can dominate the understorey of closed can-
opy forests; however, it also readily colonizes old
fields and other disturbed sites (Edgin and Ebinger
2001).

We investigated the inhibitory effects of several
types of aqueous extracts of tall fescue and au-
tumn olive on the emergence, survival and growth
of important members of native plant communities
– early successional tree species: Acer saccharinum
(silver maple), Populus deltoides (eastern cotton-
wood), and Platanus occidentalis (sycamore). To
our knowledge, our work is some of the first to test
for potentially allelopathic impacts of invaders by
comparing effects among native tree species (but
see, Conway et al. 2002). In addition, we compared
realistic treatments (aqueous extracts derived from
non-sterilized soil, leaf litter, and live leaves
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soaked in water) with the extracts typically used in
prior studies (ground and macerated materials)
that are thought to be less ecologically meaningful
(Inderjit and Callaway 2003). Our experiments
were not designed to distinguish between the direct
effects of allelopathic compounds (Kobayashi
2004) and the indirect effects mediated through the
microbial community associated with the soil,
leaves or litter of exotic plants (Inderjit and Wei-
ner 2001; Kourtev et al. 2002, 2003). Our work is
exploratory in that we use only one method –
aqueous extracts – to investigate allelopathic po-
tential; therefore, a lack of inhibitory effects does
not necessarily imply the absence of allelopathic
potential of the invader. However, our work takes
an important first step toward understanding the
inhibitory potential of invasive, exotic plants on
native communities by addressing the following
questions: (1) Do the exotic species inhibit native
tree species? (2) Does inhibition depend upon the
source of the aqueous extracts, including extracts
from minced live leaves, intact live leaves, leaf
litter, or soil? (3) Are tree species differentially
inhibited, suggesting the potential to alter com-
munity composition and succession? (4) At what
life history stage (seedling emergence, seedling
survival or seedling growth) were target species
most affected?

Methods

Natural history of the system

Lolium arundinaceum (tall fescue, Poaceae) is a
perennial grass with a center of origin in the
Mediterranean region of northern Africa and
southern Europe; it has been widely planted
throughout North America and elsewhere, pri-
marily for pasture and turf (Ball et al. 1993; Clay
and Schardl 2002). More than three fourths of the
tall fescue in the US is infected with a mutualistic
endophyte, Neotyphodium coenophialum (Ball et al.
1993). The endophyte produces alkaloids and
enhances host resistance to herbivores, pathogens,
drought, and plant competition (Clay 1990; Elmi
and West 1995; Clay 1996; Malinowski and Bele-
sky 2000). The endophyte may also contribute to
the presence of allelochemicals in tall fescue
(Malinowski et al. 1999; Renne et al. 2004).
Importantly, the presence of the endophyte in tall

fescue strongly slows the successional dynamics of
plant communities by suppressing colonizing tree
species (J.A. Rudgers, S.P. Orr, and K. Clay, un-
publ. data), and one mechanism by which succes-
sion is slowed may be allelopathic effects of tall
fescue on native trees.

Due to the dominance of endophyte-infected tall
fescue in the US, we used endophyte-infected
plants in our experiments. Tall fescue plants were
located in experimental field plots (30 m · 30 m)
that were planted in September 2000 approxi-
mately 6 km north of Bloomington, Indiana, USA
(39�3¢9¢¢ N, 086�32¢29¢¢ W). The plots were sur-
rounded (within 20 m) by secondary growth forest
that included silver maple, eastern cottonwood
and sycamore. During July 2003, live leaf tissue,
leaf litter, and soil samples (see Aqueous extract
experiment) were collected from 10 randomly
chosen sub-samples within each of four field plots
dominated by endophyte-infected tall fescue. In
these plots, the percentage of tillers with an
endophyte was 94% ±0.04 SE (10 tillers sampled
per plot).

Elaeagnus umbellata (autumn olive, Elaeagna-
ceae) is a perennial shrub that is native to Eurasia.
It has been planted widely in eastern North
America for erosion control, re-vegetation, and
wildlife resources (Catling et al. 1997; Edgin and
Ebinger 2001; Yates et al. 2004). A large stand of
autumn olive was located at the Touch the Earth
Nature Area, approximately 60 km east of
Bloomington, Indiana, USA (39�5¢7¢¢ N,
085�51¢29¢¢ W). Detailed prior land use history of
the preserve is unknown; however, it is likely that
autumn olive was planted during the 1960s when
the property was actively farmed (personal com-
munication with D. Welch, preserve manager). At
the time of collection, �8 ha of nearly monotypic
autumn olive stands were present. Live leaf tissue,
leaf litter, and soil samples (see Aqueous extract
experiment) were collected during July 2003 from
10 individual autumn olive shrubs chosen at ran-
dom along a 50 m transect.

Silver maple, eastern cottonwood, and sycamore
are all early successional tree species native to
eastern North America. Seedlings readily colonize
mesic and lowland sites and co-occur with both
tall fescue and autumn olive. Silver maple seeds
were collected from 20 trees in Bloomington,
Indiana, USA during May 2003. Eastern cotton-
wood seeds were collected from nine trees in Beall
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Woods State Park, Illinois, USA during June
2003. Sycamore seeds were collected from 10 trees
in Bloomington, Indiana, USA during October
2002. All seeds were stored at 3 �C from the time of
collection until planting in July 2003. Seeds from
all species were collected before falling to the
ground, and seeds were visually examined for
damage by seed predators. Any damaged seeds
were discarded and not used in the experiment.

Aqueous extract experiment

We created four aqueous extracts from each exotic
plant (tall fescue or autumn olive) to test whether
the invasive species may reduce emergence, sur-
vival or growth of the native tree species. For both
tall fescue and autumn olive, extracts were created
from (1) intact, live leaves collected from living
plants (Fresh), (2) senesced leaves located in leaf
litter on the ground (Old), (3) soil from the top
6 cm of soil beneath living plants (Soil), or (4)
minced live leaves collected from living plants
(Minced). Live leaves were minced to <3 mm
using a food processor (Black and Decker Super
Chopper, Hampstead, Maryland, USA) and pul-
verized with a mortar and pestle. In all cases, the
extracts were compared to deionized water, ap-
plied as a control. Seeds of native trees were
planted into 4.1 cm diameter conetainer pots (Ray
Leach Conetainers, Corvallis, Oregon, USA)
containing 80 ml sterilized, composted soil
(193 ppm N, 13 ppm P, 188 ppm K). We used 20
replicate pots per species per treatment.

The timing of collection of invasive species
materials (July) was relevant to the period of
natural germination and growth of native tree
seedlings (spring and early summer). Given mild
winters, both invasive species can grow and shed
senescing leaves throughout the year, thus result-
ing in a long potential period of exposure to these
species by the native plant community. However, it
is possible that materials collected during different
times of year (e.g., winter vs. summer) could result
in different potential allelopathic impacts from the
invaders.

Realistic concentrations of extracts were created
by determining the amount of surface area expe-
rienced by each seedling per pot and applying an
extract that represented the amount of spring
rainfall that would pass through same amount of

surface area of the exotic source material (live
leaves, litter, or soil) in the field. More specifically,
to determine the concentration of each extract, we
first calculated the surface area of all the pots used
for each treatment (60 pots per treat-
ment · 12.8 cm2 surface area � 770 cm2 total sur-
face area). Then, live leaves, leaf litter, or soil was
collected from this same total amount of surface
area (770 cm2) in the field. The total surface area
collected came from 10 sub-samples within each
site (77 cm2 per sub-sample), and sub-samples
were bulked for each tissue or soil treatment. We
then determined the average rainfall for a typical 9
week period in spring (April–June) in Blooming-
ton, Indiana, USA (�25 cm) from local weather
records. Extracts were created by soaking field-
collected material at room temperature in 10 l of
deionized water for 24 h. Following soaking, ex-
tracts were strained through cheesecloth to remove
all particles, and diluted by adding 10 l of water
(amount of total surface area (770 cm2) · average
rainfall (25 cm) � 20 l per treatment). Extracts
were not sterilized so as to prevent the potential
loss or alteration of putative allelochemicals
through the application of heat or chemical dis-
infection. The large volume of extract made fine
filtering impractical. Therefore, we were not able
to tease apart direct effects of allelochemicals from
indirect effects mediated through associated mi-
crobes.

Seeds were planted in the Indiana University
greenhouse in late July 2003. For silver maple
seeds, we removed the wings from the samara
prior to planting. For all tree species, we pre-
tested germination and viability of seeds in a
growth chamber. Although we do not know how
these germination rates compare to normal rates
of germination under field conditions, seeds were
collected from natural environments and stored
at 4 �C for less than a year. To ensure at least one
seedling per replicate for the two species with
very small seeds prone to dessication, four eastern
cottonwood or three sycamore seeds (one of
which was pre-germinated in a growth chamber
because germination of sycamore was low) were
placed in each pot. After 18 days, surplus seed-
lings (>1) were weeded. Because of the large size
and high emergence rates of silver maple seeds,
only one seed was planted per pot. Seeds were
assigned at random to the treatments and con-
trols; therefore, there would be no differences in
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seed viability or germination potential among the
treatments. Individual pots were randomly
arranged within the greenhouse.

After planting, each pot was exclusively hand-wa-
tered daily with 7 ml of one of the nine treatments for
3 weeks. Thereafter, 12 ml were used to water seed-
lings every other day, and on alternate days the pots
were lightly misted with tap water to prevent drying.
Seedling emergence and mortality was recorded for
each pot every 2 days throughout the experiment.
Plants were harvested at the end of 9 weeks. We
determined the oven-dry biomass of root, shoot, and
leaf tissue to the nearest 0.0001 g, and measured final
shoot length to the nearest 0.1 cm.

Statistical analysis: emergence

In all analyses, the effects of each exotic species
were examined separately. For whether or not a
seedling emerged, data were analyzed with a log-
linear model, assuming a binomial distribution
(emerged or not at the end of 9 weeks) (Proc
GENMOD, SAS Institute 2000). Fixed effects in-
cluded treatment (with five levels: fresh, old, soil,
minced, or the control, deionized water), tree
species (with three levels: silver maple, eastern
cottonwood, and sycamore), and the treat-
ment · tree species interaction. Within a tree spe-
cies, orthogonal contrasts (Bonferroni corrected
for 4 comparisons) were used to compare each
treatment to the control. For days to first emer-
gence, we analyzed the data using ANOVA
including the fixed effects of treatment, tree species
and treatment · species (Proc GLM, SAS Institute
2000). When the effect of treatment was signifi-
cant, Tukey HSD (honestly significant difference)
tests were used to compare each treatment to the
control within a tree species.

Statistical analysis: survival

Survival data were analyzed with a log-linear
model assuming a binomial distribution (alive or
dead at the end of 9 weeks) (Proc GENMOD, SAS
Institute 2000). Only seedlings that had emerged
were included in the analysis of survival data (i.e.,
survival was conditional on emergence). Fixed ef-
fects included treatment, tree species, and treat-
ment · tree species. Within a tree species,

orthogonal contrasts (Bonferroni corrected for 4
comparisons) were used to compare each treat-
ment to the control.

Statistical analysis: biomass

Several measures were obtained to estimate plant
growth, including the biomass of leaves, shoots
and roots (g), as well as shoot length (cm). All
biomass estimates were first analyzed by including
them in a MANOVA with the fixed effects of
treatment, tree species, and treatment · tree spe-
cies (Proc GLM, SAS Institute 2000). Univariate
analyses were examined only when effects were
significant in the multivariate analysis, and Tukey
HSD tests were used to compare each treatment to
the water control.

Results

Seedling emergence

For emergence, all tree species responded similarly
to both the autumn olive and the tall fescue
treatments. Autumn olive extracts did not affect
the probability of seedling emergence for silver
maple, eastern cottonwood, or sycamore com-
bined when compared to the sterile water control
(Figure 1a; treatment v2(4) = 5.11, p = 0.28;
treatment · tree species v 2

(8) = 7.04, p = 0.53).
However, the tall fescue extract from minced
leaves decreased the probability of emergence for
all three tree species combined by 19% compared
to the control (Figure 1b; treatment v
2
(4) = 11.34, p = 0.02; treatment · tree species v

2
(8) = 10.27, p = 0.25).
For the number of days to emergence, the tree

species responded similarly to autumn olive extracts.
Minced autumn olive leaf extracts reduced the num-
ber of days to emergence for all species combined
(treatment F4,239 = 11.93, p <0.0001; treatment ·
tree species F8,239 = 1.72, p = 0.09; means ± SE:
Water = 4.16a ±0.26 (n = 55), Fresh = 3.87a ±
0.25 (n = 52), Old = 3.94a ± 0.27 (n = 49),
Soil = 3.88a ±0.27 (n = 49), Minced = 2.96b ±
0.20 (n = 49); different letters represent significant
differences according to a Tukey HSD test).

In contrast, the tree species diverged in response
to the tall fescue treatments for days to emergence.
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The extract from minced leaves of tall fescue had
no effect on the number of days to emergence for
eastern cottonwood (Figure 2a). However, for
sycamore, minced tall fescue reduced the number
of days to emergence by 36% compared to sterile
water (Figure 2b; treatment F4,244 = 8.81,
p <0.0001; treatment · tree species F8,244 = 3.12,
p = 0.0022). Similarly, for silver maple minced
tall fescue reduced the number of days to seedling
emergence by 34% relative to the water control
(Figure 2c).

Seedling survival

For survival, the tree species responded differently
to the invasive species extracts. Extracts from au-
tumn olive increased the survival of eastern

cottonwood seedlings by 66% for minced leaves
and by 60% for fresh leaves as compared to the
control (Figure 3a; treatment v2(4) = 1.80,
p = 0.77; treatment · tree species v2(8) = 17.94,

Figure 2. Effects of aqueous extracts from tall fescue on the

number of days until the first seedling emerged for (a) Eastern

cottonwood, (b) Sycamore, and (c) Silver maple. Treatments

are Water (sterile water control), Fresh (extract from fresh live

leaves), Old (extract from dead leaf litter), Soil (extract from

soil), and Minced (extract from minced live leaves). Bars show

means ± SE, and different letters indicate significant differ-

ences among treatments within a species (Tukey HSD test).

Sample size given on bars in graph; some plants did not emerge,

reducing sample sizes.

Figure 1. Effects of aqueous extracts from autumn olive (a) and

tall fescue (b) on the proportion of seedlings that emerged from

the soil. Treatments are Water (sterile water control), Fresh

(extract from fresh live leaves), Old (extract from dead leaf

litter), Soil (extract from soil), and Minced (extract from

minced live leaves). Different letters indicate significant differ-

ences among treatments. Sample size = 60 plants per treat-

ment.
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p = 0.0217). Autumn olive extracts had no signif-
icant effects on the survival of sycamore or silver
maple (Figure 3b and c). In contrast to autumn
olive extracts, tall fescue extracts did not affect

eastern cottonwood survival (Figure 4a). However,
minced extracts from tall fescue reduced the sur-
vival of sycamore by 45%, although this effect was
only marginally statistically significant after

Figure 3. Effects of aqueous extracts from autumn olive on the

proportion of seedlings that survived (only for seedlings that

emerged) for (a) Eastern cottonwood, (b) Sycamore, and (c)

Silver maple. Treatments are Water (sterile water control),

Fresh (extract from fresh live leaves), Old (extract from dead

leaf litter), Soil (extract from soil), and Minced (extract from

minced live leaves). *Effects on cottonwood were marginally

significant following Bonferroni-correction of the p-values

(corrected p must be <0.0125 for significance). Fresh vs. water

control, p = 0.0441. Minced vs. water control, p = 0.0272.

Sample size given on bars in graph; some plants did not emerge.

Figure 4. Effects of aqueous extracts from tall fescue on the

proportion of seedlings that survived (only for seedlings that

emerged) for (a) Eastern cottonwood, (b) Sycamore, and (c)

Silver maple. Treatments are Water (sterile water control),

Fresh (extract from fresh live leaves), Old (extract from dead

leaf litter), Soil (extract from soil), and Minced (extract from

minced live leaves). *Effects on sycamore were marginally sig-

nificant following Bonferroni-correction of the p-values (cor-

rected p must be <0.0125 for significance). Minced vs. water

control, p = 0.0417. Sample size given on bars in graph; some

plants did not emerge.
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Bonferroni correction Figure 4b; treatment
v2(4) = 3.08, p = 0.54; treatment · tree species
v2(8) = 15.69, p = 0.0470). No significant effect of
the treatments was observed for silver maple
survival (Figure 4c).

Seedling biomass

For growth, sycamore responded most strongly to
the invasive plant extracts, and most of this re-
sponse occurred through changes in root biomass.
Minced autumn olive significantly reduced the
root biomass of sycamore relative to the sterile
water control by 35% and relative to extracts from
live leaves by 34%, as indicated by a Tukey HSD
test (Figure 5a; Table 1). There were no significant
effects of autumn olive on other measures of syc-
amore growth, including leaf mass, shoot mass,
and shoot length (Table 1). In addition, extracts
from tall fescue leaves significantly affected syca-
more when compared to the control: leaf litter
extract reduced leaf biomass by 26% (Figure 5b;
Table 1), and minced leaf extract reduced root
biomass by 35% (Figure 5c; Table 1). Sycamore
shoot biomass and shoot length were not affected
by tall fescue treatments (Table 1).

Across all species, neither the autumn olive nor
the tall fescue treatments affected shoot mass or
shoot length (Table 1). For both silver maple and
eastern cottonwood, in contrast to sycamore, there
were also no significant differences between the
treatments and the control for leaf or root biomass
(Table 2).

Discussion

Do the exotic species inhibit native tree species?

Both tall fescue and autumn olive extracts had
some inhibitory effects on all three native tree
species tested. However, these effects were differ-
ential, with the strongest inhibition resulting from
tall fescue extracts, and relatively weaker effects
mediated by autumn olive. Ultimately, our exper-
imental design cannot determine if these effects are
the direct result of allelochemicals, or result indi-
rectly from differences in the microbial associates
of soil, leaf, or litter or from differential nutrient
levels among the non-sterilized extracts (Llinares

et al. 1993; Souto et al. 2000; Inderjit and Weiner
2001). However, because any microbial or nutrient
effects of our treatments would be similar to

Figure 5. Effects of aqueous extracts on the biomass of syca-

more the response of (a) root mass to extracts from autumn

olive, (b) leaf mass to extracts from tall fescue, and (c) root

mass to extracts from tall fescue. Treatments are Water (sterile

water control), Fresh (extract from fresh live leaves), Old (ex-

tract from dead leaf litter), Soil (extract from soil), and Minced

(extract from minced live leaves). Bars show means ± SE, and

different letters indicate significant differences among treat-

ments within a species (Tukey HSD test). Sample size given on

bars in graph; some plants did not survive until the end of the

experiment.
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conditions experienced by plants in the field, our
experiments provided more natural conditions to
test for allelopathic potential, broadly defined
(Inderjit 2001). In addition, the lack of any
inhibitory effects of our treatments does not ex-
clude the possibility for allelopathy during other
times of year, with more concentrated extracts, or
with a different decay rate of the plant tissues
collected, although both invasive species can grow
and shed leaves throughout the year in Indiana,
especially during mild winters. Our extract meth-
ods were largely an exploratory first step, and
other experimental methods, such as the use of
activated carbon, could be used to further investi-
gate allelopathic effects. Experiments are underway
to determine if inhibition (or stimulation) is a di-
rect consequence of allelopathy or an indirect effect
of changes in nutrients and/or microbial activity.

An important next step in this system would be
to test for allelopathic effects of the invasive plants
on tree species that co-occur with tall fescue or
autumn olive in their native habitats. A compari-
son of the relative strength of inhibitory effects on
trees in the introduced vs. native environments
would provide a clear test of the novel weapons
hypothesis: that the success achieved by exotic
plants results from an ecological advantage affor-
ded by plant traits that are novel to the recipient
community.

Does inhibition depend upon the source
of the aqueous extracts?

Our results suggest that extracts obtained from tall
fescue and autumn olive may have allelopathic

potential, but the source of the putative com-
pounds largely determines these effects (see also
Fuerst and Putnam 1983). For contrast with the
three ‘naturally’ derived extracts (soil, leaf litter,
and live leaves), a fourth treatment utilized minced
live leaves to approximate the methodology of
many earlier studies that have reported allelo-
pathic inhibition (Inderjit and Weston 2000). The
strongest effects were exhibited by these minced
leaf extracts. For example, minced tall fescue
extracts decreased emergence rates of all native
species, as well as reducing seedling survival
(marginally) and decreasing root biomass in syc-
amore. Although the effect of minced leaf extract
was mostly negative (reduced survival and
growth), minced tall fescue also reduced the
number of days to emergence in both silver maple
and sycamore. Similar stimulatory effects were
found for the extracts of minced, live leaves of
autumn olive, which reduced the number of days
to emergence for all species and increased (mar-
ginally) the survival of eastern cottonwood. These
effects are positive because emergence rates and
survival were enhanced.

There are several explanations for stimulated
emergence times, including a fertilizing effect due
to nutrient release from damaged or decayed tissue
(particularly from the nitrogen-fixing Elaeagnus;
Simons and Seastedt 1999), a release of hormones
such as gibberellin that may stimulate germination
(Ritchie and Gilroy 1998; Brady and McCourt
2003), or a release of toxic compounds that could
break down the seed coat (Cohn 1996). Seeds may
also respond to the extracts as an environmental
signal to induce early germination (Preston and
Baldwin 1999), perhaps signaling the presence of

Table 1. Statistical results from MANOVA and ANOVA examining the effects of the extract treatment, the tree species, and the

treatment · tree species interaction on leaf mass, shoot mass, shoot length, and root mass.

Effect MANOVA ANOVA Leaf mass (g) Shoot mass (g) Shoot length

(cm)

Root mass (g)

Pillai df F p df F p F p F p F p

Autumn olive

Treatment 0.10 16,732 1.20 0.2612 4,183 1.43 0.2254 0.85 0.4937 0.19 0.9425 1.88 0.1165

Tree 1.37 8,362 97.30 <0.0001 2,183 194.03 <0.0001 339.49 <0.0001 85.97 <0.0001 122.93 <0.0001

Treatment · tree 0.25 32,732 1.51 0.0367 8,183 1.59 0.1315 1.04 0.4043 1.68 0.1048 2.84 0.0053

Tall fescue

Treatment 0.13 16,704 1.51 0.0906 4,176 0.99 0.4141 2.22 0.0688 0.47 0.7577 0.38 0.8233

Tree 1.22 8,348 67.76 <0.0001 2,176 151.19 <0.0001 264.12 <0.0001 105.94 <0.0001 119.80 <0.0001

Treatment · tree 0.35 32,704 2.14 0.0003 8,176 2.12 0.0363 0.48 0.8665 1.50 0.1587 3.93 0.0003

p-values <0.05 are shown in bold face. ‘Pillai’ is Pillai’s Trace test statistic for MANOVA.
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competition from other species. However, the
presence and concentrations of such compounds
from minced leaf tissue are unlikely to occur in
nature unless plants commonly encounter dam-
aged plant tissues (e.g., from vole, insect, cattle, or
other herbivory), which could occur, especially for
heavily grazed tall fescue (Ball et al. 1993).

In contrast to minced live leaves, extracts that
were potentially more natural did not have very
strong effects on seedlings. Of the two exotic spe-
cies, only tall fescue leaf litter had a significant
inhibitory effect, and only on sycamore leaf bio-
mass. Therefore, more ecologically realistic meth-
odology suggests that allelopathic potential may
not be as prevalent as has been reported for tall
fescue (Peters and Zam 1981; Luu et al. 1982;
Peters and Luu 1985; Preece et al. 1991), and
possibly for other species as well.

Are tree species differentially inhibited?

Differential response of the three tree species to
potential allelopathic interference may have
important consequences for forest community
composition and succession over time. Specifically,
sycamore was affected most strongly by the treat-
ments, with declines in survival as well as reduc-
tions in both root and leaf biomass. Eastern
cottonwood appeared largely insensitive to the
extracts, with the exception that the probability of
emergence for all three tree species was reduced by
minced live leaves of tall fescue. Furthermore,
survival of eastern cottonwood was marginally
enhanced by extracts from fresh leaves and minced
leaves of autumn olive. These results suggest that
some species (e.g., eastern cottonwood) may gain a
competitive advantage when colonizing sites with
one or both of the exotic plants, whereas other
species (e.g., sycamore) may be suppressed.

At what life history stage are target species most
affected?

In general, the strongest inhibition of native trees
occurred during the germination and emergence
stage. Specifically, minced tall fescue leaves sig-
nificantly reduced the probability of emergence for
all three native tree species by 20%. Effects during
later life stages were more specific to each targetT
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species and weaker than effects observed at early
life stages. These results suggest that the strongest
allelopathic inhibition by exotics may occur during
germinating and early establishment. Again, the
use of extracts is only one of several ways to ex-
plore potential allelopathic effects, and other
techniques (e.g., activated carbon) would be useful
for assessing allelopathy at different life history
stages.

There was one exception to this general pattern.
For sycamore, the species most sensitive to the
extracts, leaf biomass declined with the application
of old leaf litter extract, relative to the control. In
addition, root biomass declined with the applica-
tion of minced live leaves of both exotic species
and overall survival was marginally reduced by
minced tall fescue. Although it remains unclear
whether these differences in biomass (26% and
35% reductions, respectively) would translate into
reduced competitive ability, the 45% reduction in
survival could have an impact on the relative
abundance of sycamore in the plant community.
Thus, for sycamore, the potentially allelopathic
effects of exotic species were not limited to early
life history stages.

Conclusion

Few studies have investigated the impact of alle-
lopathy on community composition and succession
under ecologically relevant conditions (Callaway
and Aschehoug 2000). Furthermore, we are just
beginning to understand the importance of alle-
lopathy in driving the impacts of invasive plant
species (Bais et al. 2003). In our study, the smaller
response of the three native tree species to ecologi-
cally realistic extracts as compared to mechanically
minced leaves suggests that allelopathic potential
may be overstated in some laboratory studies uti-
lizing macerated, minced, or ground donor materi-
als (see also, Stowe 1979). However, the differential
impact of potentially allelopathic extracts on tree
species (primarily the reduced performance of syc-
amore vs. the enhanced performance of eastern
cottonwood) strongly supports the hypothesis that
invasive plant species can differentially inhibit na-
tive trees through allelopathic mechanisms.
Importantly, exotic plants may influence plant
community dynamics by shifting the relative
abundance of native plant species.

Acknowledgements

We thank C. Burnett and P. James for helping
with data collection and J. Lemons for greenhouse
support. This work was supported by NSF DBI-
0200485 to J.A.R., NSF DEB-9727116 to K.C.,
and the Howard Hughes Medical Institute Cap-
stone Research Award to S.O. through Indiana
University. Thanks to two anonymous reviewers
for helpful revisions to the manuscript.

References

Bais H.P., Vepachedu R., Gilroy S., Callaway R.M. and Vi-

vanco J.M. 2003. Allelopathy and exotic plant invasion: from

molecules and genes to species interactions. Science 301:

1377–1380.

Ball D.M., Pedersen J.F. and Lacefield G.D. 1993. The tall

fescue endophyte. Am. Scientist 81: 370–379.

Bertin C., Paul R.N., Duke S.O. and Weston L.A. 2003a.

Laboratory assessment of the allelopathic effects of fine leaf

fescues. J. Chem. Ecol. 29: 1919–1937.

Bertin C., Yang X.H. and Weston L.A. 2003b. The role of root

exudates and allelochemicals in the rhizosphere. Plant Soil

256: 67–83.

Brady S.M. and McCourt P. 2003. Hormone cross-talk in seed

dormancy. J. Plant Growth Regul. 22: 25–31.

Callaway R.M. and Aschehoug E.T. 2000. Invasive plants

versus their new and old neighbors: a mechanism for exotic

invasion. Science 290: 521–523.

Callaway R.M. and Ridenour W.M. 2004. Novel weapons:

invasive success and the evolution of increased competitive

ability. Front. Ecol. Environ. 2: 436–443.

Callaway R.M., Thelen G.C., Rodriguez A. and Holben W.E.

2004. Soil biota and exotic plant invasion. Nature 427: 731–

733.

Catling P.M., Oldham M.J., Sutherland D.A., Brownell V.R.

and Larson B.M.H. 1997. The recent spread of autumn-olive,

Elaeagaus umbellata, into southern Ontario and its current

status. Can. Field-Natural. 111: 376–380.

Clay K. 1990. Fungal endophytes of grasses. Ann. Rev. Ecol.

System. 21: 275–297.

Clay K. 1996. Interactions among fungal endophytes, grasses

and herbivores. Res. Population Ecol. (Kyoto) 38: 191–201.

Clay K. 2001. Symbiosis and the regulation of communities.

Am. Zool. 41: 810–824.

Clay K. and Schardl C. 2002. Evolutionary origins and eco-

logical consequences of endophyte symbiosis with grasses.

Am. Natural. 160: S99–S127.

Cohn M.A. 1996. Operational and philosophical decisions in

seed dormancy research. Seed Sci. Res. 6: 147–153.

Conway W.C., Smith L.M. and Bergan J.F. 2002. Potential

allelopathic interference by the exotic Chinese tallow tree

(Sapium sebiferum). Am. Midland Natural. 148: 43–53.

Cronk Q.C.B. and Fuller J.L. 2001. Plant Invaders: The Threat

to Natural Ecosystems. Earthscan Publications, Ltd., Ster-

ling, VA.

163



Edgin B. and Ebinger J.E. 2001. Control of autumn olive

(Elaeagnus umbellata Thunb.) at Beall Woods Nature Pre-

serve, Illinois, USA. Nat. Areas J. 21: 386–388.

Elmi A.A. and West C.P. 1995. Endophyte infection effects on

stomatal conductance, osmotic adjustment and drought

recovery of tall fescue. New Phytologist 131: 61–67.

Fuerst E.P. and Putnam A.R. 1983. Separating the competitive

and allelopathic components of interference – theoretical

principles. J. Chem. Ecol. 9: 937–944.

Fujii Y. 2003. Research on allelopathy, a chemicalecological

interaction between plant to plant or plant to other organism,

in the natural and agricultural ecosystems. An overview and

perspective for the future. Plant Cell Physiol. 44: S6–S6.

Grant D.W., Peters D.P.C., Beck G.K. and Fraleigh H.D. 2003.

Influence of an exotic species, Acroptilon repens (L.) DC on

seedling emergence and growth of native grasses. Plant Ecol.

166: 157–166.

Hane E.N., Hamburg S.P., Barber A.L. and Plaut J.A. 2003.

Phytotoxicity of American beech leaf leachate to sugar maple

seedlings in a greenhouse experiment. Can. J. Forest Re-

search-Revue Canadienne De Recherche Forestiere 33: 814–

821.

Harper J.L. 1994. Population Biology of Plants. Academic

Press, New York, NY.

Hiebert R.D. 1990. An ecological restoration model: applica-

tion to razed residential sites. Nat. Areas J. 10: 181–186.

Hierro J.L. and Callaway R.M. 2003. Allelopathy and exotic

plant invasion. Plant Soil 256: 29–39.

Inderjit and Weston L.A. 2000. Are laboratory bioassays for

allelopathy suitable for prediction of field responses? J.

Chem. Ecol. 26: 2111–2118.

Inderjit. 2001. Soil: environmental effects on allelochemical

activity. Agron. J. 93: 79–84.

Inderjit and Weiner J. 2001. Plant allelochemical interference or

soil chemical ecology? Perspect. Plant Ecol. Evol. System. 4:

3–12.

Inderjit and Callaway R.M. 2003. Experimental designs for the

study of allelopathy. Plant Soil 256: 1–11.

Kobayashi K. 2004. Factors affecting phytotoxic activity of

allelochemicals in soil. Weed Biol. Manage. 4: 1–7.

Kocacaliskan I. and Terzi I. 2001. Allelopathic effects of walnut

leaf extracts and juglone on seed germination and seedling

growth. J. Horticult. Sci. Biotechnol. 76: 436–440.

Kourtev P.S., Ehrenfeld J.G. and Haggblom M. 2002. Exotic

plant species alter the microbial community structure and

function in the soil. Ecology 83: 3152–3166.

Kourtev P.S., Ehrenfeld J.G. and Haggblom M. 2003. Experi-

mental analysis of the effect of exotic and native plant species

on the structure and function of soil microbial communities.

Soil Biol. Biochem. 35: 895–905.

Levine J.M., Vila M., D’Antonio C.M., Dukes J.S., Grigulis K.

and Lavorel S. 2003. Mechanisms underlying the impacts of

exotic plant invasions. Proc. R. Soc. Lond. Ser. B – Biol. Sci.

270: 775–781.

Llinares F., Munozmingarro D., Pozuelo J.M., Ramos B. and

Decastro F.B. 1993. Microbial inhibition and nitrification

potential in soils incubated with Elaeagnus angustifolia L.

leaf-litter. Geomicrobiol. J. 11: 149–156.

Luu K.T., Matches A.G. and Peters E.J. 1982. Allelopathic

effects of tall fescue on birdsfoot-trefoil as influenced by

N-fertilization and seasonal-changes. Agron. J. 74: 805–

808.

Mack R.N., Simberloff D., Lonsdale W.M., Evans H., Clout

M. and Bazzaz F.A. 2000. Biotic invasions: causes, epide-

miology, global consequences, and control. Ecol. Appl. 10:

689–710.

Malinowski D.P., Belesky D.P. and Fedders J.M. 1999.

Endophyte infection may affect the competitive ability of tall

fescue grown with red clover. J. Agron. Crop Sci.-Zeitschrift

Fur Acker Und Pflanzenbau 183: 91–101.

Malinowski D.P. and Belesky D.P. 2000. Adaptations of

endophyte-infected cool-season grasses to environmental

stresses: mechanisms of drought and mineral stress tolerance.

Crop Sci. 40: 923–940.

Mallik A.U. and Prescott C.E. 2001. Growth inhibitory effects

of salal on western hemlock and western red cedar. Agron. J.

93: 85–92.

Parker I.M., Simberloff D., Lonsdale W.M.K.G., Wonham M.

et al. 1999. Impact: toward a framework for understanding

the ecological effects of invaders. Biol. Invasions 1: 3–19.

Peters E.J. and Zam A.H.B. 1981. Allelopathic effects of tall

fescue genotypes. Agron. J. 73: 56–58.

Peters E.J. and Luu K.T. 1985. Allelopathy in tall fescue. Acs

Symp. Ser. 268: 273–283.

Preece J.E., Navarrete N., Vansambeek J.W. and Gaffney G.R.

1991. An invitro microplant bioassay using clonal white ash

to test for tall fescue allelopathy. Plant Cell Tissue Org. Cult.

27: 203–210.

Preston C.A. and Baldwin I.T. 1999. Positive and negative

signals regulate germination in the post-fire annual, Nicotiana

attenuata. Ecology 80: 481–494.

Raloff J. 2003. Cultivating weeds: Is your yard a menace to

parks and wild lands? Sci. News 163: 232.

Renne I.J., Rios B.G., Fehmi J.S. and Tracy B.F. 2004. Low

allelopathic potential of an invasive forage grass on native

grassland plants: a cause for encouragement? Basic Appl.

Ecol. 5: 261–269.

Ritchie S. and Gilroy S. 1998. Tansley Review No. 100 –

Gibberellins: regulating genes and germination. New Phy-

tologist 140: 363–383.

SAS Institute I 2000. SAS Version 8.1. SAS Institute, Cary,

NC, USA.

Seigler D.S. 1996. Chemistry and mechanisms of allelopathic

interactions. Agron. J. 88: 876–885.

Simons S.B. and Seastedt T.R. 1999. Decomposition and

nitrogen release from foliage of cottonwood (Populus delto-

ides) and Russian-olive (Elaeagnus angustifolia) in a riparian

ecosystem. Southwest. Natural. 44: 256–260.

Souto C., Pellissier F. and Chiapusio G. 2000. Allelopathic

effects of humus phenolics on growth and respiration of

mycorrhizal fungi. J. Chem. Ecol. 26: 2015–2023.

Souto X.C., Bolano J.C., Gonzalez L. and Reigosa M.J. 2001.

Allelopathic effects of tree species on some soil microbial

populations and herbaceous plants. Biolgia Plantarum 44:

269–275.

Stowe L.G. 1979. Allelopathy and its influence on the distri-

bution of plants in an Illinois old field. J. Ecol. 67: 1065–1085.

Tongma S., Kobayashi K. and Usui K. 1998. Allelopathic

activity of Mexican sunflower (Tithonia diversifolia) in soil.

Weed Sci. 46: 432–437.

164



Vandermast D.B., Van Lear D.H. and Clinton B.D. 2002.

American chestnut as an allelopath in the southern Appala-

chians. Forest Ecol. Manage. 165: 173–181.

Vitousek P.M. 1990. Biological invasions and ecosystem pro-

cesses – towards an integration of population biology and

ecosystem studies. Oikos 57: 7–13.

Vivanco J.M., Bais H.P., Stermitz F.R., Thelen G.C. and

Callaway R.M. 2004. Biogeographical variation in commu-

nity response to root allelochemistry: novel weapons and

exotic invasion. Ecol. Lett. 7: 285–292.

Wilcove D.S., Rothstein D., Dubow J., Phillips A. and Losos E.

1998. Quantifying threats to imperiled species in the United

States. Bioscience 48: 607–615.

Woitke M. and Dietz H. 2002. Shifts in dominance of native

and invasive plants in experimental patches of vegetation.

Perspect. Plant Ecol. Evol. System. 5: 165–184.

Yates E.D., Levia D.F. and Williams C.L. 2004. Recruit-

ment of three non-native invasive plants into a fragmented

forest in southern Illinois. Forest Ecol. Manage. 190:

119–130.

165



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


