
Analysis of interactions between the invasive tree-of-heaven (Ailanthus
altissima) and the native black locust (Robinia pseudoacacia)

Lara J. Call* and Erik. T. Nilsen
Department of Biology, Virginia Polytechnic Institute and State University, Blacksburg, VA 24060, USA;
*Author for correspondence (e-mail: lcall@vt.edu)

Received 9 July 2003; accepted in revised form ???

Key words: Full additive design, Functional types, Interference, Plant competition

Abstract

Invasive exotic plants can persist and successfully spread within ecosystems and negatively affect the recruit-
ment of native species. The exotic invasive Ailanthus altissima and the native Robinia pseudoacacia are fre-
quently found in disturbed sites and exhibit similar growth and reproductive characteristics, yet each has distinct
functional roles such as allelopathy and nitrogen fixation, respectively. A four-month full additive series in the
greenhouse was used to analyze the intraspecific and interspecific interference between these two species. In the
greenhouse experiment, the inverse of the mean total biomass �g� response per plant for each species was re-
gressed on the density of each species and revealed that the performance of the plants was significantly reduced
by interspecific interference and not by intraspecific interference �p � 0.05�. Other biomass traits such as root
dry weight, shoot dry weight, stem dry weight, and leaf dry weight were also negatively affected by interspecific
interference. Competition indices such as Relative Yield Total and Relative Crowding Coefficient suggested that
A. altissima was the better competitor in mixed plantings. Ailanthus altissima consistently produced a larger
above ground and below ground relative yield while R. pseudoacacia generated a larger aboveground relative
yield in high density mixed species pots.

Introduction

Invasion of exotic plant and animal species into re-
gions that were previously separated by biogeo-
graphic barriers is a key problem resulting from
current land disturbances and change �D’Antonio and
Vitousek 1992; Vitousek 1992�. Not only do invasive
species persist and spread into ecosystems, they can
also alter basic ecosystem processes such as hydrol-
ogy, nutrient cycling, soil erosion rates, �Vitousek and
Walker 1989�, fire frequency and intensity
�D’Antonio and Vitousek 1992�, and recruitment of
native species �Mooney and Drake 1989�. Biotic in-
vasions can cause an ecosystem to become homog-
enized and can decrease regional diversity by
accelerating the extinction of native species
�D’Antonio and Vitousek 1992�. Therefore, competi-

tion between invasive and native species is a globally
important issue that merits attention.

The research we report here concerns seedlings of
the invasive exotic Ailanthus altissima �Miller� Swin-
gle �Simaroubaceae� and their interaction with seed-
lings of the native Robinia pseudoacacia L. �Fa-
baceae�. Numerous ecological traits are comparable
between A. altissima and R. psuedoacacia. Both spe-
cies establish in disturbed sites in most temperate re-
gions of the United States, have aggressive reproduc-
tive qualities, and exhibit similar growth habits. It is
no surprise that these qualities place these two spe-
cies on the list of the 40 most invasive woody
angiosperm species from 40 different genera �Rej-
manek and Richardson 1996�. However, each of these
tree species has a different functional attribute that is
critical to succession and ecosystem processes.
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Ailanthus altissima inhibits post-disturbance succes-
sion by creating a relatively toxic soil environment
�Lawrence et al. 1991� and R. pseudoacacia promotes
post-disturbance succession by enriching soil by ni-
trogen fixation �Boring and Swank 1984�. Therefore,
the functional characteristics of these two species can
have divergent impacts on ecosystem processes
�Hooper and Vitousek 1997; Schwartz et al. 2000�.
Thus, understanding how A. altissima and R.
pseudoacacia interact will lead to important questions
regarding ecosystem functioning within post disturb-
ance succession. For example, will post disturbance
sites with a high frequency of A. altissima have ar-
rested succession compared to disturbed sites with a
high frequency of R. pseudoacacia?

Within the limitations of a short-term greenhouse
study, our goal is to look at the interference between
seedlings of the two species and determine whether
this interference favors A. altissima over R. pseudoa-
cacia. This study provides preliminary evidence
needed to develop hypotheses about potential initial
interactions between the species as seedlings in the
post-disturbance environment. Vegetation analysis
has shown that these two species co-occur following
disturbances and have the potential to interact �Call
and Nilsen 2003�. The term interference will be used
in this study to cover both competition and allelopa-
thy �Harper 1977�.

Two unifying hypotheses were formulated with the
expectation that the allelopathic qualities of the roots,
large leaves, and rapid growth of A. altissima would
negatively affect the growth of R. pseudoacacia. 1�
Interspecific interference of A. altissima seedlings and
R. pseudoacacia seedlings are greater than intraspe-
cific interference within either species and, 2� A. al-
tissima has a greater performance than R. pseudoaca-
cia in mixtures. We used a combined additive and
replacement design where the relative proportions of
each tree species were varied independently of one
another over a range of densities.

In order to assess the interspecific and intraspecific
interference of the two species, the specific questions
we addressed �generated from �Connolly et al. 2001��
were: 1� was there an effect of one species on the
other species’ performance based on comparisons of
total biomass and biomass allocation in mixtures to
that in the monocultures? and 2� which species domi-
nated �total biomass and biomass allocation� at the
time of harvest? Biomass at the time of harvest was
used as a measure of resource capture and, thus, in-
terference between the species. Root and shoot

responses were also considered because allocation
among plant growth compartments in species mix-
tures compared to that in monocultures may indicate
the location of most intense interference �Brouwer
1962; Chapin 1980�.

Materials and methods

Species descriptions

Ailanthus altissima �tree-of-heaven� was introduced
to the United States in 1784 �Hu 1979� and is consid-
ered a ‘weed’ tree because of its ability to grow
quickly in disturbed habitats and to reproduce rapidly
by thin papery samaras, stump sprouts, and root
suckers �Brizicky 1962�. Ailanthus altissima can cre-
ate clumped stands of trees when a full seed cluster
germinates in one location �Pan and Bassuk 1986�.
This pattern is further enhanced when stump sprouts
grow from the original stem of the tree and suckers
originate from the roots �Illick and Brouse 1926�. Ef-
ficient dispersal and reproductive qualities and the
ability to create dense monocultures, are characteris-
tics of an invading plant species �Bazzaz 1986�. Root
plasticity allows A. altissima to adapt to a wide range
of soils �Pan and Bassuk 1985�. There is also
evidence that the roots and stems of A. altissima ex-
ude chemicals that can negatively affect nearby plants
�Heisey 1990; Heisey 1996�. These compounds pos-
sibly enable A. altissima to create dense stands that
dominate an area and curb growth of other plant spe-
cies �Mergen 1959�.

One problem with invasive plants is their role in
altering native plant recruitment. In this study, the
native tree of concern was R. pseudoacacia. The na-
tive range of R. pseudoacacia is the Appalachian re-
gion of Eastern North America yet its range today is
more extensive. It has been widely planted for its re-
sistant wood, distinct flowers, nitrogen-fixing root
nodules, and rapid growth �Young and Young 1992�.
Robinia pseudoacacia is frequently found in dis-
turbed areas and can tolerate a range of pH levels in
the soil �Bossard et al. 2000�. Robinia pseudoacacia
replaces nitrogen lost following forest disturbances
�Boring and Swank 1984�. Young four-year old stands
of R. pseudoacacia in the southern Appalachians fix
approximately 30 kg N ha–1 year –1 �Boring and
Swank 1984� and are eventually replaced by trees
typical of later successional stages �White et al. 1988;
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Dzwonko and Loster 1997�, and enhance the growth
of the adjacent trees �Chapman 1935�.

Experimental design

Ailanthus altissima seeds collected from a tree in
Giles County, VA were spread out and dried but were
not stratified �Graves 1990�. The seeds were placed
on saturated blotting paper in closed petri dishes in a
dark incubator with temperatures alternating diurnally
from 30 °C � � 0.5 °C, 16 hr� to 20 °C � � 0.5 °C, 8
hr�. Separately, Robinia pseudoacacia seeds from
several roadside trees in Montgomery County, VA
were stratified for 60 days, soaked in a 10% bleach
solution for several minutes, and mechanically scari-
fied �Sadhu and Kaul 1989�.

After germination, each seedling was transplanted
to a seedling cell with Metro Mix®. Greenhouse day
and night temperatures and hours of light were
between 21-32 °C and 10h: 14h throughout the
experiment. After germination and early establish-
ment, seedlings were randomly planted in masonry
sand in 5-gallon pots �approximately 15 cm in diam-
eter� according to a numbered grid on the pot surface.
Similar sized individuals were selected from each
species. Mixtures consisted of selected proportions of
1, 2, 3, 5, 6, 7, 10, and 14 total plants �Figure1�. Mo-
noculture pots consisted of one species without the
presence of the other. Sixty-four grams of Osmo-
cote® �15-9-12� �the lowest nutrient level for plants
according to the manufacturer� 8-9 month release at
21 ºC was added to each pot. Pots were watered
regularly to field capacity and were completely ran-
domized on two greenhouse benches. The pots were
rotated along the benches every other week to mini-
mize the effect of the spatial variation in greenhouse
microclimate.

After 4 ½ months, the plants were harvested dur-
ing 14 consecutive days. In order to have the maxi-
mum number of plants at harvest and due to the
experimental impracticality of growing the trees be-
yond this point within the restraints of the pots and
greenhouse, we selected these harvest dates. Above
ground parts were separated into stems and leaves.
Leaves were counted and leaf area and petiole area
were determined with a LICOR-3100 Area Meter
�LiCor Inc., Nebraska, USA�. The sand was washed
from the roots. Stem length, number of branches, and
root biomass were recorded. All tissues were dried in

a forced air oven at 80 °C for approximately 48 hours
to constant weight.

Data analysis

Multiple linear regression �Spitters 1983�, Relative
Yield Total �De Wit 1960�, and Relative Crowding
Coefficient �De Wit 1960� were used to assess the in-
terspecific and intraspecific interference between A.
altissima and R. pseudoacacia. A regression of the
inverse mean biomass per plant on density was per-
formed for each species in mixture and monoculture.
This is a method used to describe plant yield/density
relationship �Shinozaki and Kira 1956; Willey and
Heath 1969; Spitters 1983�. The equations were:

1/�mean biomass per plant �g� A. altissima� �
B0 � BAA�DAA� � BAA�DRP�

1/�mean biomass per plant �g� R. pseudoacacia� �
B0 � BRP�DRP� � BRPAA�DAA�

BAA represents the intraspecific effect of A.
altissima on itself, BAARP indicates the interspecific
effect of R. pseudoacacia on A. altissima, BRP repre-
sents the intraspecific effect of R. pseudoacacia on it-
self, and BRPAA indicates the interspecific effect of A.
altissima on the biomass of R. pseudoacacia. D re-
presents the density �number� of plants per pot. B0 is
the intercept and the reciprocal of the biomass of an
isolated plant �Spitters 1983�. Three mixture pots
contained outlier responses of R. pseudoacacia with
standard deviations greater than 1.0 and were
removed from the analysis.

From the slopes of the regression analysis, substi-
tution rates, also known as ‘competition coefficients’
�Firbank and Watkinson 1985�, were calculated to
measure the influence of each species on itself and on
the other component species �Spitters 1983; Connolly
1987�. This absolute value expressed how each spe-
cies ‘perceived’ the other component species in com-
parison to individuals of its own species and was a
measure of interspecific interference. The substitution
rates for A. altissima �SAA� and R. pseudoacacia
�SRP� were, respectively:

SAA=�BAARP/BAA�
SRP=�BRPAA/BRP�

The responses of plant parts to the density of the two
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species were considered in the analysis. The log of
the mean weight of plant parts �roots, shoots, etc.�
was regressed on the log of the weight of the entire
plant to show this linear relationship �Kira et al.
1956�. This analysis refers to allocation changes in
response to plant density and may be related to a
mechanism of interference.

logwp � logk � hlogw

wp represents the weight of the part of interest per
plant, w is the total biomass of the plant, log k is the
intercept, and h is the slope of the line. This allomet-
ric relationship was used in the reciprocal multiple
linear regression of the mean weight plant part on to-
tal density of the two species with the following
equation �Shinozaki and Kira 1956; Willey and Heath
1969�:

1/�plant part �g� A. altissima�1/h �
B0 � BAA�DAA� � BAARP�DRP�

1/�plant part �g� R. pseudoacacia�1/h �
B0 � BRP�DRP� � BRPAA�DAA�

The Relative Yield Total �RYT� was calculated to
determine if the species were sharing or interfering
with each other for resources by comparing their in-
terspecific yield per pot to their intraspecific yield per
pot in monoculture �De Wit 1960; De Wit and Van
der Bergh 1965; Harper 1977; Snaydon 1991�.

Relative yield total �RYT� =
WAARP

WAA
+

WRPAA

WRP

WAA and WRP were the mean dry weights per pot
�g� of A. altissima and R. pseudoacacia, respectively,
in monocultures, and WAARP and WRPAA were the
mean dry weights per pot �g� of A. altissima and R.
pseudoacacia, respectively, when grown in mixture at
a total pot density corresponding to the total pot den-
sity of the monocultures. RYT for total biomass and
below ground responses at densities of 2, 6, 10, and
14 total plants were calculated.

The Relative Crowding Coefficient �RCC� for the
relative mean total biomass per pot �g� was calculated
for each replacement density to indicate the relative
aggressiveness of the two species. RCC indicates
which species performed better in mixture and had
the stronger interspecific competitive ability com-

pared to its intraspecific performance in monoculture
according to the following equation �Harper 1977�.

Relative crowding coefficient �RCC� =
WAARP

WRPAA
�

WAA

WRP

RCC values greater than one indicated that A. al-
tissima had the competitive advantage in the mixture
over R. pseudoacacia and values less than one indi-
cated an interspecific competitive advantage in the
mixture for R. pseudoacacia. The RCC was only cal-
culated for the equally balanced mixtures �e.g., 1:1,
3:3� using total biomass per pot, above ground bio-
mass per pot, and below ground biomass per pot. The
RYT and RCC, used as supplements to the earlier
analyses, were interpreted according to their defini-
tions �Harper 1977� and did not include statistical
analyses.

Results

Intraspecific and interspecific interference

The results revealed that interspecific interference
was more intense than intraspecific interference. For
both species, an increase in density of the other spe-
cies caused a significant decrease �p � 0.05� in total
biomass per plant as seen by positive slopes for the
interspecific term in the regression �Table 1�. Plots of
predicted values in three dimensions showed negative
influences of interspecific interference �gray strap
lines� and a less negative relationship of intraspecific
interference �monoculture and black strap lines� in
both species �Figures. 2A and 2B�. The substitution
rates for total biomass responses were greater than
one �Table 1�.

Multiple regressions of shoot and stem biomass in-
dicated significant interspecific responses for both
species �Table 1�. However, root and leaf biomass
showed significant interspecific responses only for A.
altissima. The intraspecific responses were significant
for A. altissima for all biomass components. How-
ever, intraspecific response of R. pseudoacacia was
significant only for total biomass.

Exploitation of resources

Analysis of the exploitation of resources indicated
that A. altissima was the better interspecific competi-
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tor at the majority of pot densities, yet R. pseudoaca-
cia had a larger competitive advantage at the highest
pot density. Relative Yield Total �RYT� values for to-
tal biomass and root biomass per pot were the largest
at total pot density of two plants �Figure 3A, Figure
4A�. Ailanthus altissima had a greater relative yield
in mixture compared to its monocultures at this low
density in the replacement diagram, whereas this
greater yield in mixture was not evident for R.
pseudoacacia. In mixtures with total densities of six
and ten plants �Figure 3B,C, 4B,C�, A. altissima had
a greater relative yield than R. pseudoacacia in the
50:50 mixtures and the RYT decreased. At a total
density of 14 plants �Figure 3D, Figure 4D�, the RYT
of A. altissima and R. pseudoacacia was close to one.
The RYT for total biomass and below ground biomass
decreased towards one at high densities �Figure 3,
Figure 4�. The Relative Crowding Coefficient �RCC�
for total, above ground, and belowground biomass per
pot was dominated by A. altissima at lower density
levels and by R. pseudoacacia at the highest density
level �Table 2�.

Discussion

Intraspecific and interspecific interference

In accordance with the first hypothesis, interspecific
interference between species had a greater negative
effect than intraspecific interference upon multiple
biomass responses for both species. The interspecific
slopes were similar for both species, indicating com-
parable biomass responses to the presence of the other
component species. The substitution rates indicated
that interspecific interference played a larger role on
total biomass production than intraspecific interfer-
ence.

There was greater interspecific interference in the
high-density mixtures than the low-density mixtures
since the RYT was close to one as the total pot den-
sity increased. The species may have been sharing or
competing for the same resources more at this den-
sity than at the lower densities �Harper 1977; Snay-
don 1991�. This is likely since the growth of a plant
is negatively affected by decreasing available space
and resources with increasing total density �Firbank
and Watkinson 1990�. At low pot densities, RYT val-
ues greater than one indicated that the two species
were not fully sharing or competing for the same re-

Figure 1. Greenhouse Experimental Design. Full additive design for the greenhouse experiment. Each square represents a pot treatment
�n�32�. The density �number� of R. pseudoacacia and A. altissima seedlings in each pot are indicated �n � 336 per species�.

279



Figure 2. Reciprocal simple linear regression ‘lines’ for the interspecific �gray strap lines� and intraspecific �black strap lines� additive series
in the experiment for the inverse mean total biomass responses �g� per plant for �A� A. altissima and �B� R. pseudoacacia. Strap lines are
used solely increase ease of seeing relationships in the Figure. The statistical results are found in Table 1.
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sources �Harper 1977; Snaydon 1991�. There were
weaker interspecific interactions at this density as

both species produced a greater relative total biomass
in mixture than when they were in monoculture.

Table 1. Regression for the inverse mean biomass �g� responses per plant of A. altissima and R. pseudoacacia. Standard errors are in paren-
theses. Total biomass substitution rates are included for each species. Means with SD greater than 1.0 were excluded. Equations for the
regressions are included in the text.

Response Species Intraspecfic slope p Interspecific slope p R2 Sub Rates

TOTAL BIOMASS �g� A. altissima � 0.013 �0.01� 0.22 0.026 �0.01� � 0.01 0.14 1.92
R. pseudoacacia � 0.014 �0.02� 0.37 0.029 �0.01� � 0.05 0.09 2.03

SHOOT BIOMASS �g� A. altissima � 0.020 �0.01� 0.21 0.035 �0.01� � 0.05 0.13
R. pseudoacacia � 0.105 �0.12� 0.38 0.217 �0.10� � 0.05 0.08

STEM BIOMASS �g� A. altissima � 0.057 �0.05� 0.25 0.137 �0.04� � 0.01 0.17
R. pseudoacacia � 0.174 �0.16� 0.27 0.313 �0.14� � 0.05 0.10

LEAF BIOMASS �g� A. altissima � 0.028 �0.02� 0.20 0.046 �0.02� � 0.05 0.12
R. pseudoacacia � 0.126 �0.14� 0.36 0.159 �0.12� 0.19 0.04

ROOT BIOMASS �g� A. altissima � 0.046 �0.04� 0.27 0.108 �0.03� � 0.01 0.15
R. pseudoacacia � 0.199 �0.24� 0.41 0.222 �0.21� 0.29 0.03

Figure 3. Replacement diagrams indicating the mean relative yield total biomass �g� per pot for A. altissima �closed circles�, R. pseudoacacia
�open circles�, and Relative Yield Total �triangles� at different constant densities and proportions of species. A� Total density of 2 plants, B�
Total density of 6 plants, C� Total density of 10 plants, and D� Total density of 14 plants. The numerator of the ratios indicates the density
of A. altissima and the denominator indicates the density of R. pseudoacacia.
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Above ground interference

Analysis of the RYT and RCC of plant parts revealed
different competitive attributes for A. altissima and R.
pseudoacacia that could lead to further studies
regarding resource use by these species. Analysis of

above ground biomass indicated that A. altissima per-
formed better in mixture than did R. pseudoacacia.
Having greater above ground biomass can be an in-
dicator of competitive ability �Gaudet and Keddy
1988�. However, the vertical stem growth of several
R. pseudoacacia individuals was faster than A.

Figure 4. Replacement diagrams indicating the mean relative yield below ground biomass �g� per pot for A. altissima �closed circles�, R.
pseudoacacia �open circles�, and Relative Yield Total �triangles� of different constant densities and proportions of species. A� Total density of
2 plants, B� Total density of 6 plants, C� Total density of 10 plants, and D� Total density of 14 plants. The numerator of the ratios indicates
the density of A. altissima and the denominator indicates the density of R. pseudoacacia.

Table 2. Mean Relative Crowding Coefficient �RCC� of the mean total biomass of A. altissima against R. pseudoacacia. RCC values for
mean above ground, below ground, and total biomass �g� per pot. The proportions of the species in the mixture are indicated in parentheses,
with the density of A. altissima listed first.

Total den-
sity

RCCAARP for mean total biomass
�g� per pot

RCCAARP for mean above ground biomass
�g� per pot

RCCAARP for mean below ground biomass
�g� per pot

2 �1:1� 1.45 1.30 2.16
6 �3:3� 1.40 1.28 2.15
10 �5:5� 1.88 1.91 1.80
14 �7:7� 0.65 0.58 0.87
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altissima individuals early in the experiment �Call,
personal observation�. Also, in 40% of the pot mix-
tures, R. pseudoacacia produced one dominant indi-
vidual plant that exceeded 50% of the total pot
biomass, whereas A. altissima produced plants of the
same disproportionate size in only 10% of the pot
mixtures. The tall, dominant R. pseudoacacia individ-
uals with large leaf area, numerous leaves, large stem
volume, and multiple branching reduced multiple
biomass traits of A. altissima by increasing competi-
tion for light. Competition for light has been shown
to create biomass inequalities between competing
plant individuals �Weiner 1985�. Similarly, plant ar-
chitecture, which can determine how plants obtain
resources, has been shown to be a factor in the de-
gree of asymmetry observed between plants �Thomas
and Weiner 1989�. These above ground traits of R.
pseudoacacia enabled it to have an above ground ad-
vantage over A. altissima at high-density levels where
asymmetric competition can be intense �Weiner
1985�.

Below ground interference

The below ground biomass responses for these spe-
cies in this study can suggest future hypotheses for
below ground interference. The below ground bio-
mass of A. altissima was reduced by interspecific in-
terference. There is evidence that shading or defolia-
tion can reduce root growth and resource uptake
within as few as 24 hours �Massimino et al. 1981;
Caldwell et al. 1987�. It is likely that the presence of
R. pseudoacacia, particularly the large dominant in-
dividuals discussed earlier, with large height, branch-
ing, and leaf area could have inhibited root perform-
ance of A. altissima.

However, compared to its monoculture, the below
ground performance of A. altissima in mixture was
greater than that of R. pseudoacacia. The RCC index
for mean root biomass per pot revealed that A.
altissima had the greater competitive below ground
advantage in the mixtures. Competition for below
ground resources can negatively affect plant growth
and establishment �Donald 1958; Casper and Jackson
1997�, which can have a greater negative effect on
mean plant biomass compared to solely above ground
interactions �Wilson 1988; Weiner 1986�. Below
ground competition for resources has been observed
to be size symmetric as plants deplete resources pro-
portional to their size �Weiner et al. 1997; Cahill and
Casper 2000�. Below ground interactions can be

strong when roots overlap and increase in abundance.
Since A. altissima consistently generated a relatively
large below ground biomass, it was likely a strong
competitor against R. pseudoacacia since root bio-
mass is related to competitive intensity �Cahill and
Casper 2000�.

The apparent below ground advantage of A.
altissima in this experiment may be due to a number
of factors. An early study on A. altissima indicated
that this species is capable of rapidly developing a
root mass for extensive surface lateral roots to aid in
establishment at a site �Davies 1943-44�. This was
evident during the harvest when roots of A. altissima
were extensively spread throughout the pot, some-
times penetrating into the root mass of R. pseudoaca-
cia. This suggests that A. altissima has aggressive
roots that can rapidly obtain resources, an attribute for
a strong competitor for resources �Grime 1977�.

Summary

Despite faults inherent in plant competition studies,
this analysis showed that the presence of both A. al-
tissima and R. pseudoacacia negatively affected the
performance of the other. Each species exhibited
competitive attributes enabling it to dominate. The
below ground dominance of A. altissima could be a
strong benefit in situations when soil resources are
limited and root competition is intense �Wilson and
Tilman 1993�. Ailanthus altissima could have an ad-
vantage over R. pseudoacacia by becoming estab-
lished in an early-disturbed area, when light is not
limiting. On the other hand, the occasional dominant
above ground biomass and the specific architecture of
R. pseudoacacia could be a competitive advantage
when competition for light is important �Weiner
1990�. It is evident that each species could be a good
competitor in different situations and at different
times �Grime 1977�.

Studies of how these two species are naturally dis-
persed and associated in the field under different de-
grees of disturbances �Call and Nilsen 2003� could be
helpful in drawing more conclusions regarding their
interactions, as would longer-term �several years� in-
terference experiments. Understanding the effects that
an invasive species can have on the recruitment of
native species is crucial to managing native biodiver-
sity and natural ecosystems. This study showed that
A. altissima and R. pseudoacacia do negatively inter-
fere with each other, suggesting possible competitive
interactions, although the mechanisms are unre-

283



solved. Further studies should examine the specific
interactions between root nodulation of R. pseudoa-
cacia and interactions with the allelopathic qualities
of A. altissima.

Acknowledgements

We wish to thank Robert Jones, Jonathan Horton, and
Duncan Porter for their help and comments on early
drafts of this manuscript. Breck Gastinger, Keli
Goodman, and Tina Keessee provided assistance with
harvesting plants. The Virginia Academy of Science,
USDA/NRI grant # 9901070, the Graduate Research
and Development Program, and the Department of
Biology at Virginia Tech have supported this research.

References

Bazzaz F.A. 1986. Life history of colonizing plants; some demo-
graphic, genetic, and physiological features.. In: Mooney H.A.
and Drake J.A. �eds�, Ecology of Biological Invasions of North
America and Hawaii. Springer-Verlag, New York, New York,
USA pp. 96–110.

Boring L.R. and Swank W.T. 1984. Symbiotic nitrogen fixation in
regenerating black locust �Robinia pseudoacacia L.� stands.
Forest Science 30: 528–537.

Bossard C.C., Randall J.M. and Hoshovosky M.C. 2000. Invasive
plants of California’s Wildlands. University of California Press,
Berkley and Los Angeles.

Brizicky G.K. 1962. The Genera of Simaroubaceae and Burser-
aceae in the Southeastern United States. Journal of the Arnold
Arboretum XLIII: 179–180.

Brouwer R. 1962. Distribution of dry matter in the plant. Nether-
lands Journal of Agricultural Science 10: 361–376.

Cahill J.F. and Casper B.B. 2000. Investigating the relationship be-
tween neighbor root biomass and below ground competition:
field evidence for symmetric competition belowground. Oikos
90: 311–320.

Caldwell M.M., Richards J.H., Manwaring J.H. and Eissenstat
D.M. 1987. Rapid shifts in phosphate acquisition show direct
competition between neighboring plants. Nature 327: 615–616.

Call L.J. and Nilsen E.T. 2003. Analysis of Spatial Patterns and
Spatial Association between the Invasive Tree-of-Heaven �Ail-
anthus altissima� and the Native Black Locust �Robinia
pseudoacacia�. American Midland Naturalist 150: 1–14.

Casper B.B. and Jackson R.B. 1997. Plant competition under-
ground. Annual Review of Ecology and Systematics 28: 545–
570.

Chapin F.S.III. 1980. The mineral nutrition of wild plants. Annual
Review of Ecology and Systematics 11: 233–260.

Chapman A.G. 1935. The effects of black locust on associated spe-
cies with special references to forest trees. Ecological Mono-
graphs 5: 37–60.

Connolly J. 1987. On the use of response models in mixture ex-
periments. Oecologia 72: 95–103.

Connolly J., Wayne P. and Bazzaz F.A. 2001. Interspecific compe-
tition in plants: how well do current methods answer fundamen-
tal questions? The American Naturalist 157: 107–125.

D’Antonio C.M. and Vitousek P.M. 1992. Biological invasions by
exotic grasses, the grass/fire cycle, and global change. Annual
Review of Ecology and Systematics 23: 63–87.

Davies P.A. 1943-44. The root system of Ailanthus altissima.
Transactions of the Kentucky Academy of Science 11: 33–35.

De Wit C.T. 1960. On competition. Evolutionary Monographs 7.
Verslagen van Landbouwkundige Onderzoekingen 66.8: 1–82.

De Wit C.T. and van der Bergh J.P. 1965. Competition between
herbage plants. Netherlands Journal of Agricultural Science 13:
212–221.

Donald C.M. 1958. The interaction of competition for light and for
nutrients. Australian Journal of Agricultural Research 9:
421–435.

Dzwonko Z. and Loster S. 1997. Effects of dominant trees and an-
thropogenic disturbances on species richness and floristic com-
position of secondary communities in southern Poland. Journal
of Applied Ecology 34: 861–870.

Firbank L.G. and Watkinson A.R. 1985. On the analysis of com-
petition within two-species mixtures of plants. Journal of
Applied Ecology 22: 503–517.

Firbank L.G. and Watkinson A.R. 1990. On the effects of compe-
tition: from monocultures to mixtures. In: Grace J.B. and Tilman
D. �eds�, Perspectives on Plant Competition. Academic Press,
New York, New York, USA. pp. 165–192.

Gaudet C.L. and Keddy P.A. 1988. A comparative approach to pre-
dicting competitive ability from plant traits. Nature 334: 242–
243.

Graves W.R. 1990. Stratification not required for tree-of heaven
seed germination. Tree Planter’s Notes 41: 10–12.

Grime J.P. 1977. Evidence for the existence of three primary strat-
egies in plants and its relevance to ecological and evolutionary
theory. The American Naturalist 111: 1169–1194.

Harper J.L. 1977. The Population Biology of Plants. Academic
Press, New York, New York, USA.

Heisey R.M. 1990. Evidence for allelopathy by tree-of-heaven.
Journal of Chemical Ecology 16: 2039–2055.

Heisey R.M. 1996. Identification of an allelopathic compound from
Ailanthus altissima and characterization of its herbicidal activ-
ity. American Journal of Botany 83: 192–200.

Hooper D.U. and Vitousek, P.M. 1997. The effects of plant com-
position and diversity on ecosystem processes. Science 277:
302–1305.

Hu S.Y. 1979. Ailanthus. Arnoldia 39: 29–50.
Illick J.S. and Brouse E.F. 1926. The Ailanthus tree in Pennsylva-

nia. Pennsylvania Department of Forests and Water Bulletin 38:
1–29.

Kira T., Ogawa H., Hozumi K., Koyama H. and Yoda K. 1956. In-
traspecific competition among higher plants. V. Supplementary
notes on the C-D effect. Journal of the Institute of Polytechnics,
Osaka City University D7: 1–14.

Lawrence J.G., Colwell A. and Sexton O.J. 1991. The ecological
impact of allelopathy in Ailanthus altissima. �Simaroubaceae�.
American Journal of Botany 78: 948–958.

Massimino D., Andre M., Richaud C., Daguenet J., Massimino J.
and Vivoli J. 1981. The effect of a day at low irradiance of a
maize crop. Physiologia Plantarum 51: 150–155.

Mergen F. 1959. A toxic principle in the leaves of Ailanthus. Bo-
tanical Gazette 121: 32–36.

284



Mooney H.A. and Drake J.A. 1989. Biological Invasions: a SCOPE
Program Overview. In: Mooney H.A. and Drake J.A. �eds�, Bio-
logical Invasions. John Wiley and Sons, New York, pp. 491-508.

Pan E. and Bassuk N. 1985. Effects of soil type and compaction on
the growth of Ailanthus altissima seedlings. Journal of Environ-
mental Horticulture 3: 158-162.

Pan E. and Bassuk N. 1986. Establishment and distribution of Ail-
anthus altissima in the urban environment. Journal of Environ-
mental Horticulture 4: 1-4.

Rejmanek M. and Richardson D.M. 1996. What attributes make
some plant species more invasive? Ecology 77: 1655–1661.

Sadhu R.N. and Kaul V. 1989. Seed-coat dormancy in Robinia
pseudoacacia. Indian Forester 115: 483–487.

Schwartz M.W., Brigham C.A., Hocksema K.G., Millls M.H. and
van Mangem P.J. 2000. Linking biodiversity to ecosystem func-
tion: implications for conservation ecology. Oecologia 122:
297–305.

Shinozaki K. and Kira T. 1956. Intraspecific competition among
higher plants. VII. Logistic theory of the C-D effect. Journal of
the Institute of Polytechnics, Osaka City University Series D, 7:
35–72.

Snaydon R.W. 1991. Replacement or additive designs for compe-
tition studies? Journal of Applied Ecology 28: 930–946.

Spitters C.J.T. 1983. An alternative approach to the analysis of
mixed cropping experiments. 1. Estimation of competition
effects. Netherlands Journal of Agricultural Science 31: 1–11.

Thomas S.C. and Weiner J.B. 1989. Including competitive asym-
metry in measures of local interference in plant populations.
Oecologia 80: 349–355.

Vitousek P.M. and Walker L.R. 1989. Biological invasion by
Myrica faya in Hawaii: plant demography, nitrogen fixation,
ecosystem effects. Ecological Monographs 59: 247–265.

Vitousek P.M. 1992. Global environmental change: an introduction.
Annual Review of Ecological Systematics 23: 1–14.

Weiner J. 1985. Size hierarchies in experimental populations of
annual plants. Ecology 66: 743–752.

Weiner J. 1986. How competition for light and nutrients affects size
variability in Ipomoea tricolor populations. Ecology 67: 1425–
1427.

Weiner, J. 1990. Asymmetric competition in plant populations.
Trends in Ecology and Evolution 5: 360–364.

Weiner J., Wright D. B. and Castro S. 1997. Symmetry of below-
ground competition between Kochia scoparia individuals. Oikos
79: 85–91.

White D.L., Haines B.L. and Boring L.R. 1988. Litter decomposi-
tion in southern Appalachian black locust and pine-hardwood
stands: litter quality and nitrogen dynamics. Canadian Journal of
Forest Resources 18: 54–63.

Willey R.W. and Heath S.B. 1969. The quantitative relationships
between plant population and crop yield. Advances in Agronomy
21: 281–321.

Wilson J.B. 1988. Shoot competition and root competition. Journal
of Applied Ecology 25: 279–296.

Wilson S.D. and Tilman D. 1993. Plant competition and resource
availability in response to disturbance and fertilization. Ecology
74: 599–611.

Young S.A and Young C.G. 1992. Seeds of woody plants in North
America. Dioscorides Press, Oregon, USA.

285


