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ABSTRACT

THE INFLUENCE OF SOIL FEEDBACK AND PLANT TRAITS ON COMPETITION
BETWEEN AN INVASIVE PLANT AND CO-OCCURRING NATIVE AND EXOTIC
SPECIES

Gary Tin-Kei Poon
University of Guelph, 2011

Advisor:
Professor H. Maherali

The mechanisms that allow invasive species to flourish in novel habitats are
poorly understood. A. petiolata (Alliaria petiolata) is an invader of North American
forest edge and understory communities. A. petiolata’s success may result from high
competitive ability due to its suppression of mycorrhizal fungi used by other species. In a
greenhouse experiment, I grew 27 target species in the presence and absence of
A.petiolata in soil with and without a history of A. petiolata. I found that soil with a
history of A. petiolata had depleted plant available nitrogen and reduced mycorrhizal
fungal colonization of target species. A. petiolata competition suppressed the growth of
target species less in soils with than without A. petiolata history. Furthermore, I found
that tall plants with finer roots more effectively suppressed the growth of A. petiolata. My
results suggest that soil feedback effects do not improve A. petiolata’s competitive ability
and are unlikely to contribute to A. petiolata invasion.
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Introduction
The introduction of exotic species negatively impacts communities by displacing
native species and altering ecosystem function (Vitousek et al. 1997, Wilcove et al. 1998,
Pimental et al. 2000). The mechanisms by which some introduced species flourish in
novel habitats while others fail is poorly understood. Superior competitive ability for
limiting resources (Blossey and Notzold 1995), release from specialist antagonists found
in their native range (Wolfe 2002, Callaway et al. 2004, DeWalt et al. 2004) and the
introduction of novel, biochemical weapons (Callaway and Aschehoug 2000, Callaway
and Ridenour 2004) are some processes that are hypothesized to explain the success of
exotic plant species outside of their native range. Determining the mechanisms that
facilitate dominant exotic invaders is integral in designing control programs that target
the most important processes in invasion as well as in identifying potential invaders
(Mack et al. 2000).
Alliaria petiolata (A. petiolata, Brassicaceae) is an introduced species that
invades forest edges and understories in North America (Cavers et al. 1979, Meekins and
McCarthy 2001). A. petiolata releases phytochemicals through root exudates and leaf
litter (Cipollini et al. 2005, Cipollini and Gruner 2007, Stinson et al. 2007, Rodgers et al.
2008) , which could be an important mechanism of A. petiolata invasion. The toxicity of
A. petiolata phytochemicals to neighbouring plant species is limited (McCarthy and
Hanson 1998, Roberts and Anderson 2001, Prati and Bossdorf 2004, Cipollini et al.
2008), but these compounds can alter soil microbial communities. A. petiolata
phytochemicals suppress mycorrhizal fungi (Roberts and Anderson 2001, Stinson et al.
2006, Callaway et al. 2008, Rodgers et al. 2008, Wolfe et al. 2008, Barto et al. 2011,
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Cantor et al. 2011), with which most seed plants associate with and that can improve
uptake of soil nutrients (Brundrett 2009). A. petiolata does not associate with mycorrhizal
fungi, thus precluding the negative effects of A. petiolata’s phytochemicals to conspecific
plants and limiting it to mycorrhizal-dependent plant species (Stinson et al. 2006,
Callaway et al. 2008).
The suppression of mycorrhizal fungi by A. petiolata may not necessarily
facilitate its invasion into a plant community. Though A. petiolata potentially modifies
soil environments to benefit conspecifics, A. petiolata’s ability to modify the
environment can decrease over time. Older populations of A. petiolata produce lower
levels of glucosinolates than younger populations, suggesting that A. petiolata evolves
diminished ability to suppress mycorrhizal fungi over time (Lankau et al. 2009).
Furthermore, microbial species sensitive to A. petiolata compounds are replaced by
species tolerant to A. petiolata over time (Lankau 2011). These results suggest that the
negative effect of A. petiolata on mycorrhizal-dependent plants may be weaker than
suggested in previous experiments. If A. petiolata’s phytochemicals do not strongly
influence its spread and persistence in a plant community, then its success cannot be
attributed to a mechanism of mycorrhizal suppression.
Even if A. petiolata’s negative effects on soil microbial communities enhances the
performance of conspecifics relative to heterospecifics in colonized environments
(Klironomos 2002, Vogelsang and Bever 2009) such soil feedback effects may still have
limited influence on invasion (Levine 2006). If feedbacks are limited to the soil an
invader currently occupies, then invaders will not benefit when spreading beyond areas
that conspecifics have already established (Levine 2006). Empirical observations of soil
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feedbacks suggests that, while invasive species can perform better in soils established by
conspecifics (Klironomos 2002, Vogelsang and Bever 2009), these effects are not strong
enough to influence the spread of invasive species as invaders are likely to disperse
before the local population can produce positive soil effects (Levine 2006).
If soil feedback effects are not mechanisms of A. petiolata invasion, the invasive
success of this species could depend on strong competitive abilities independent of soil
feedback, which would suppress species in the invaded community (Blossey and Notzold
1995). Limited evidence, however, suggests that A. petiolata is not a strong competitor
against all plant species (Meekins and McCarthy 1999). If competitive ability is not
influenced by the ability to suppress microbes, then the competitive ability of A. petiolata
could be influenced by its ability to obtain soil nutrients following establishment.
Resource competition theory suggests that the strongest competitors are species that
deplete limiting resources to the lowest level (Tilman 1976, Tilman and Wedin 1991). If
A. petiolata is a strong competitor, it should deplete soil nutrients below tolerable limits
for other species, suppressing weak competitors more than A. petiolata in soils following
establishment. Soil nutrient depletion can exacerbate the detrimental effect of
mycorrhizal suppression with A. petiolata phytochemicals (Stinson et al. 2006, Callaway
et al. 2008) by further limiting nutrient uptake in weak competitors. If soil with a history
of A. petiolata positively affects A. petiolata invasion through nutrient drawdown and
mycorrhizal suppression, then A. petiolata should more effectively suppress competitors
in soils that have historically been occupied by A. petiolata.
The ability of competing species to resist A. petiolata competition is dependent on
the morphological and physiological traits that influence resource uptake and
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photosynthesis (Grime 1977, Gaudet and Keddy 1988, Goldberg and Werner 1983,
Goldberg and Landa 1991). Since all plants compete for the same resources, the ability to
harvest resources is a function of the size of resource-gathering organs (Grime 1977,
Goldberg and Werner 1983). The depletion of soil nutrients and the suppression of
mycorrhizal fungi by A. petiolata suggests that species which resist A. petiolata invasion
should have root systems which are efficient at acquiring nutrients. For example, plants
with thin roots maximize absorptive root surface area for resource uptake while
minimizing energetic investment, ameliorating the effects of low nutrient levels
(Goldberg 1996, Casper and Jackson 1997, Bates and Lynch 2001). The ability to resist
A. petiolata competition is also dependent on the absorption of light for photosynthesis.
Growing large leaves increases surface area for light absorption while growing tall
reduces shading from competitors and increases access to light (Gaudet and Keddy 1988,
Goldberg and Landa 1991, Rosch et al. 1997, Keddy et al. 2002, Wang et al. 2010).
Furthermore, growing large resource-harvesting organs is dependent on the assimilation
of carbon through the efficient use of light energy in photosynthesis (Maxwell and
Johnson 2000). If morphological and physiological traits are related to competitive
ability against A. petiolata, then these functional traits should predict the susceptibility or
resistance of native species against A. petiolata.
To study the influence of soil history and plant traits on the competitive ability of
target species towards A. petiolata, I grew a diverse assemblage of target species,
including A.petiolata, with and without A. petiolata in a greenhouse experiment. I
hypothesized that the suppression of mycorrhizal fungi and the depletion of soil nutrients
by A. petiolata inhibits competing plant species and augments the competitive ability of
4

A. petiolata. I compared the growth of both A. petiolata and the target species in the
presence and absence of competition as a measure of the ability of target species to
suppress and resist suppression by A. petiolata. To determine if A. petiolata is a stronger
competitor in soil that has a history of A. petiolata growth, all species were grown in soils
with and without a history of A. petiolata growth. I hypothesized that species that have
high leaf and root surface area, while also photosynthesizing carbon efficiently in the
absence of competition, are strong competitors for resources and will be successful in
competition against A. petiolata. Because of more intense competition, the relationship
between plant traits and competitive ability will be stronger in soils with a history of A.
petiolata than in soils without a history of A. petiolata.

Materials and Methods
Study system
Alliaria petiolata (A. petiolata) is an introduced biennial species native to Europe
that was introduced to North America in the late 1800s. Experimental removal and
suppression of A. petiolata within forest plant communities increases species diversity
(McCarthy 1997, Carlson and Gorchov 2004, Hochstedler et al. 2007, Stinson et al. 2007)
suggesting that the removal of A. petiolata releases neighbouring species from an
inhibitory effect. A. petiolata seeds were bulk collected from the Wild Goose Woods, a
small old growth mixed hardwood forest, at the University of Guelph Arboretum (43°
32’N, 80° 12’W) in July 2009. A. petiolata can be found in dense patches along the
periphery of the forest throughout the site.
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To determine if A. petiolata is a strong competitor for resources, I grew 27 target
species in competition against A. petiolata (Table 1). Target species were chosen from a
variety of functional groups because they are common species that are likely to occur
around the forest periphery and in the understory communities that A. petiolata invades in
southern Ontario. Seeds for each species were harvested within the Guelph region as well
as purchased from suppliers (Acorus Restoration, Walsingham, Ontario; Ontario Tree
Seed Facility, Angus, Ontario; Richter’s Herbs, Goodwood, Ontario; Angelgrove Tree
Seed Company, Harbour Grace, Newfoundland).
To simulate a soil environment that A. petiolata is likely to encounter upon
invasion, soil was collected from a sugar maple (Acer saccharum) stand in the Koffler
Science Reserve (44° 03' N, 79° 29' W, Newmarket, Ontario) that has no history of A.
petiolata invasion. Though A. petiolata can also invade open fields and coniferous forests
(Cavers et al. 1979), A. petiolata is also likely to invade sugar maple forests (Hochstedler
et al. 2007, Stinson et al. 2007, Barto et al. 2011), the most abundant forest species in
southern Ontario and a representative habitat for the target species.
To induce germination, A. petiolata seeds were cold stratified on moistened filter
paper at 4°C for 120 days. Target species’ seeds were cold stratified for 30-120 days
based on instructions provided by the suppliers. Cold stratification times were staggered
to ensure all species germinated at the same time. Seeds were moved to the University of
Guelph Phytotron greenhouse (Guelph, Ontario, Canada) and germinated in a medium of
2/3 top soil and 1/3 silica sand. Seedlings were transplanted into 650 mL 6.4 cm x 25 cm
pots (D40 R, Stuewe and Sons Inc., Oregon, USA) filled with sugar maple field soil.
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Experimental Design
To study the effects of soil history (with or without A. petiolata growth),
competition (with or without A.petiolata competitor) and target species identity on the
growth of target species, I used a three-factor randomized design.
To create soil with and without a history of A. petiolata growth, sugar maple field
soil without A. petiolata history was brought to the University of Guelph Phytotron
greenhouses (Guelph, Ontario, University of Guelph). Soil was sieved to remove roots
and stones and placed into 35L tubs. Half of the field soil was allocated to growing A.
petiolata (+AP soil) while the remaining soil was kept as field soil without a history of A.
petiolata (-AP soil). A. petiolata seeds were cold stratified at 4°C for 120 days. Seedlings
were transplanted in January 2010 into +AP soil and allowed to grow in the tubs until
May 2010. To minimize differences between soil treatments, all tubs of soil were
randomly arranged on the greenhouse bench and kept moist. A. petiolata plants were
removed from the soil and sieved to remove remaining roots. To determine if growing A.
petiolata in field soil depleted soil nutrients, a sample from each soil treatment was
analyzed for nitrate, ammonium, phosphorous and potassium concentration (Soil Nutrient
Lab, University of Guelph).
To determine how target species compete against A. petiolata, I grew each target
species in the presence and absence of an A. petiolata individual in the same pot. To
determine how conspecific competition affects the growth of A. petiolata and whether
this differs from competition with a heterospecific competitor, I grew A. petiolata in the
presence of another A. petiolata individual. In pots with two A. petiolata individuals,
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rather than arbitrarily choosing one plant as the target plant, the biomass of both
individuals was averaged within each pot.
The experiment was conducted in May 2010 in the Guelph Phytotron greenhouse
facility at the University of Guelph (Guelph, Ontario, Canada). Each treatment
combination (27 species + A. petiolata * 2 soil treatments * 2 competition treatments)
was replicated 6 times for a total of 744 pots. Pots were randomly arranged in a
checkerboard pattern across 53 trays (57 N25T, Stuewe and Sons, Inc.) to minimize
competition between pots. Because of slow germination in some species, target species
were planted in two groups separated by two weeks. All plants were allowed to grow for
the same number of days and were completely randomized across the greenhouse to
minimize differences between the two groups. Because +AP soil had very low nutrient
levels, 100 mL of ¼ strength 18-9-18 N:P:K fertilizer was added once to all pots to
promote seedling establishment but still maintain nutrient differences between the soil
treatments. I determined the growth of A. petiolata and the target species in both
competition and soil treatments by harvesting aboveground biomass after 63 days.
Aboveground biomass was dried at 60°C for 48 hours and weighed.
To determine if manipulating A. petiolata soil history suppressed arbuscular
mycorrhizal (AM) fungi, I used the gridline intersection method to estimate % root
colonization of 8 target species (McGonigle et al. 1990). AM colonization was quantified
as the presence or absence of well-stained, non-septated hyphae at 50 intersections per
root sample. I quantified mycorrhizal colonization using hyphae, as opposed to other
mycorrhizal structures such as vesicles and arbuscules, because hyphae were the most
visible and prevalent mycorrhizal structure and therefore the easiest to quantify. Roots
8

were collected from 8 target species that are known to associate with mycorrhizal fungi
that were grown alone in both +AP and –AP soil. Roots were cleared with potassium
hydroxide and stained with Chlorazol black E (Brundrett et al. 1984). Samples were
mounted on glass slides and viewed under a compound microscope at 250x
magnification.
To determine whether morphological and physiological traits influence
competitive ability, I measured aboveground traits on all plant species when grown alone
in both +AP and –AP soil. Plant traits were measured on plants grown in the absence of
competition to remove the influence of competition on morphological and physiological
traits. When plants were 5 and 9 weeks old, I measured height, leaf chlorophyll
concentration and photosynthetic efficiency of 6 individuals from each species in each
soil treatments. These traits were measured twice to capture potential changes in the
importance of light interception throughout the growing season. To estimate
photosynthetic efficiency, I measured instantaneous fluorescence yield, a measure of the
efficiency of photosystem II in converting light energy for photochemistry, using a lightadapted fluorometer (PAM-2500, Heinz Walz APbH, Effeltrich, Germany). Aboveground biomass, leaf nitrogen concentration and leaf mass per unit area (LMA) were
measured as the plants were harvested at week 10. Leaf nitrogen concentration was
measured for each plant on the youngest fully expanded leaf (or leaves in the case of
pines) with an elemental analyzer (vario MAX CNS, Elementar, Hanau, Germany).
To determine if root traits influence competitive ability, I grew all plant species in
a separate experiment in a sterilized mixture of 2/3 silica sand and 1/3 topsoil for 35 days.
Plants were grown individually in 650 mL pots (D40 R, Stuewe and Sons, Inc.) Plants
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were grown separately to assess root traits because the shorter growing period and silica
sand-topsoil mixture prevented plant roots from becoming potbound and made it easier to
harvest intact root systems. Harvested roots were preserved in 50% ethanol. Roots were
stained with 0.05% Toluidine Blue O to improve the visibility of fine roots. Roots were
spread out in water to minimize overlap and photographed with a scanner (Epson V700,
Epson Canada Limited). Root images were scanned at 600 dpi and analyzed with
WinRhizo image analysis software (version 2009a; Regent Instruments 2009) using the
automatic pixel classification setting to assess the length and average root diameter of
each root system. To determine if the relative allocation of energy towards root growth
instead of shoot growth influences competitive ability, I calculated root length/shoot
biomass. Shoot biomass of target species grown in the root trait experiment was
determined by the dry weight of the shoot biomass after being dried at 60°C for 48 hours.
Analysis
To determine the resistance of target species to A. petiolata competition
(competitive response size) and whether the magnitude of resistance is influenced by soil
history, I used a three way analysis of variance (ANOVA) to test for the effect of A.
petiolata competition, soil history and target species identity and all interactions on the
aboveground biomass of target species. 1 df planned contrasts were used to determine
whether target species biomass differed across competition treatments within each soil
treatment. 1 df contrasts were also used to determine whether the average biomass of
target species separated by functional groups (grass, tree, forb) and exotic status was
affected by the presence or absence of A.petiolata within each soil treatment. Functional
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group means were calculated as the mean of the species averages included in each
functional group and exotic status.
Because I tested hypotheses that require comparisons of specific treatment levels
(e.g. comparing target species biomass between competition treatments) and not all
pairwise combinations, a priori contrasts provide more power for detecting significant
differences between competition treatments within each soil treatment (Gotelli and
Ellison 2004).
To test if the suppression of A. petiolata by target species competition
(competitive effect size) varies between different species and whether the magnitude of
suppression is influenced by soil history, I used a two-way ANOVA to test for the effect
of target species identity, soil history and their interaction on the aboveground biomass of
A. petiolata in competition. To test for the effect of conspecific competition and soil
history, I used a two-way ANOVA with the aboveground biomass of A. petiolata as the
dependent variable. 1 df contrasts were calculated to determine whether A. petiolata
biomass when grown alone or with a conspecific competitor differed from biomass when
grown with each heterospecific target species. 1 df were also used to determine whether
the average biomass of A.petiolata when grown alone differed from biomass when
grown with heterospecific target species separated by functional groups (grass, tree, forb)
and exotic status (native, exotic) within each soil treatment. Functional group means were
calculated as the mean of the species averages included in each functional group and
exotic status.
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To determine whether morphological and physiological traits of plants when
grown alone were related to competitive ability, I used linear regression. Competitive
ability was quantified as competitive effect size (the difference between the average
biomass of A. petiolata without a competitor and the average biomass of A.petiolata in
the presence of a target species competitor divided by the pooled standard deviation) and
competitive response size (the difference between the average biomass of target species
in the presence of A. petiolata competition and the average biomass of target species
without a competitor divided by the pooled standard deviation). Competitive effect size
and response size were calculated in this way so that increasing values of effect and
response would reflect strong competitive ability. Competitive effect size and response
size were dependent variables while the plant traits were independent variables. To
determine whether A. petiolata soil history affected the relationships between plant traits
and competitive ability I used an analysis of covariance (ANCOVA). I tested if the slope
of the relationship between plant trait and competitive effect size or response size
differed between soil treatments by testing for an interaction between plant trait and soil
history factors.
Assessments of trait correlations without phylogenetic information can lead to
erroneous conclusions on the functional relationship between traits because species are
not statistically independent because of shared ancestry (Harvey and Pagel 1991).
Though variation in plant traits among species could predict competitive ability, variation
may also be associated with shared ancestry (Cavender-Bares et al. 2009). Phylogenetic
independent contrasts incorporate phylogenetic information into trait correlations by
calculating differences in trait values between sister taxa and nodes and standardizing it
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by the branch lengths of the phylogenetic relationships between them (Felsenstein 1985;
Garland et al. 1992). If regressions between functional plant traits and competitive ability
remain significant while using independent contrasts, then these relationships are
independent of ancestral divergence events. I assembled a phylogenetic tree of the target
species in my study based on published phylogenetic information by Davies et al. (2004)
(Mesquite 2.72, Maddison and Maddison 2010). Branch lengths of known divergences
were derived from Davies et al. (2004) rbcL molecular tree. All unknown divergences
were assigned node ages evenly across the remaining branches. Phylogenetically
independent contrasts were calculated for both competitive effect size and response size
with each plant trait (Phylocom 4.1., Webb et al. 2008).

Results
I found that growing A. petiolata in field soil depleted soil nutrients and
suppressed mycorrhizal fungi. Soil with a history of A. petiolata growth (+AP) had lower
nutrient concentrations than soil without a history of A. petiolata (-AP) (Fig. 1). Nitrate
(NO3) and ammonium (NH4+) concentrations were reduced the most while phosphorous
(P), magnesium (Mg) and potassium (K) concentrations were also reduced in soils with
A. petiolata history (Fig. 1). Soil with a history of A. petiolata reduced average
mycorrhizal colonization by 53% (Fig. 2) and was significantly different within 3 out of 8
target species (Fig.2).
Mean leaf nitrogen concentration of plants grown alone was 18% lower in +AP
soil than in –AP soil (F1,261=22.708, P= 0.00000313, Fig.3) though species differed in
their response to the manipulation of A. petiolata soil history (i.e. significant species x
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soil history interaction, Fig.3). Only L. vulgare, P. lanceolata and E. canadensis showed
significant decreases in leaf nitrogen concentration across soil history treatments while
the remaining 24 species did not differ across soil history treatments.
On average, plants grown alone in +AP soil were 15% smaller than plants grown
in –AP soil (F1,261= 21.991 P< 0.001, Fig.4). The effect of A.petiolata soil history on
aboveground biomass differed among plant species in the absence of competition (i.e.
significant species x soil history interaction, Fig. 4). The growth of Q. macrocarpa, H.
matronalis, A. petiolata, R. hirta, E. riparius and P. virgatum in the absence of
competition was significantly reduced in soil with A. petiolata soil history while the
remaining species were not altered by A. petiolata soil history.
Manipulating A. petiolata soil history altered the resistance of target species to the
presence of A. petiolata. Mean aboveground biomass of target species was lower when
grown in the presence of an A. petiolata competitor compared to when it was grown
alone, but competition had a weaker effect on the aboveground biomass of target species
in +AP soil than in -AP soil (i.e. soil history x competition interaction, Table 2, Fig. 5).
Mean aboveground biomass of target species was reduced by the presence of A.petiolata
by 27% in +AP soil compared to 59% lower in –AP soil (Table 2, Fig.5). The
aboveground biomass of 18 target species was suppressed by A. petiolata competition in
–AP soil whereas 5 target species were suppressed in +AP soil (Fig.5). Mean
aboveground biomass of both grasses and forbs were significantly reduced by the
presence of A.petiolata in both +AP and –AP soil while the biomass of trees was only
significantly reduced in -AP soil (Fig.6). Mean aboveground biomass of both exotic and
native species were significantly reduced by the presence of A.petiolata in both +AP and
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-AP soil (Fig. 6). The influence of soil history on the effect of competition varied
between different species (i.e. significant species x soil history x competition interaction,
Fig.5).
The aboveground biomass of A.petiolata varied when grown in the presence of
different target species (Table 3, Fig.7) though target species competition did not alter
aboveground biomass of A. petiolata on average in either +AP or –AP soil (Fig. 7).
Furthermore, A. petiolata soil history altered the aboveground biomass of A. petiolata in
response to competition from different target species (i.e. significant species x soil history
interaction, Table 3, Fig. 7). A. petiolata grew significantly smaller when grown in
competition with H. matronalis, B. inermis, E. canadensis, E. riparius, and E. virginicus
in –AP soil compared to Q. macrocarpa, H. matronalis and B. inermis in +AP soil
(Fig.6). In contrast, A. petiolata grew significantly larger with P. strobus, T. occidentalis
and S. nigra spp. canadensis in –AP soil whereas A. petiolata only grew larger when
grown with H. perforatum in –AP soil (Fig.7). Mean aboveground biomass of
A.petiolata was significantly reduced when grown in competition with grasses in both
+AP and -AP soil while A.petiolata grew significantly larger when grown with trees in AP soil (Fig.8). A.petiolata growth was not significantly altered when grown with forbs,
exotic or native species in either +AP or -AP soil (Fig.8).
I found that the magnitude of competition differed between conspecific and
heterospecific competition. The presence or absence of conspecific competition did not
alter the aboveground biomass of A. petiolata in either +AP or –AP soil (Table 4, Fig.7).
However, A. petiolata aboveground biomass was 27% smaller when grown with a
conspecific relative to a heterospecific competitor in –AP soil whereas A. petiolata
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aboveground biomass was similar when grown with a conspecific or heterospecific
competitor in +AP soil (Fig.7).
Morphological and physiological traits of plants grown alone predicted
competitive effect size (Table 5, regression variables, Fig.9). Increasing aboveground
biomass, early plant height, early chlorophyll concentration, late chlorophyll
concentration and LMA were associated with increasing competitive effect size in one or
both soil treatments such that plants with high trait values suppressed A. petiolata
biomass most effectively (Table 5). Increasing early photosynthetic yield was marginally
related to increasing competitive effect in soil without A.petiolata history. In contrast,
decreasing nitrogen concentration and average root diameter were related to increasing
competitive effect size values in one soil treatment (Table 5) such that plants with low
trait values suppressed A. petiolata biomass in competition most effectively.
In contrast, only aboveground biomass, early photosynthetic yield and late plant
height of target species grown alone predicted competitive response size (Table 6,
regression variables). Decreasing aboveground biomass, early photosynthetic yield and
late plant height were related to increasing values of competitive response size in -AP soil
such that target species with low trait values were the least affected by the presence of
A.petiolata.
The manipulation of A. petiolata soil history altered relationships between plant
traits and competitive ability. Relationships between early plant height, early chlorophyll
concentration, LMA and average root diameter with competitive effect size were stronger
in magnitude in -AP than +AP soil (Table 5, plant trait x soil history interaction,
ANCOVA). Relationships between aboveground biomass and late plant height with
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competitive response size were stronger in magnitude in -AP than +AP soil (Table 6,
plant trait x soil history interaction, ANCOVA).
Regressions between plant traits with competitive ability using phylogenetically
independent contrasts were generally non-significant (Table 5 and 6, Fig.9). Only the
relationships between LMA and average root diameter with competitive effect size and
aboveground biomass and late plant height with competitive response size were
significant in the same soil treatment using both phylogenetic and non-phylogenetic
analyses (Table 6).
Discussion
My results suggest that A. petiolata soil history does not facilitate A. petiolata’s
ability to suppress target species in competition. Contrary to my prediction, target species
growth was suppressed less by A. petiolata competition in soils with A. petiolata history
when compared to competition in soils without A. petiolata history. Though target
species growth was inhibited by A. petiolata soil history, target species resisted A.
petiolata competition more successfully in soil with A. petiolata history because A.
petiolata growth was also suppressed in these soils, limiting the effect of A. petiolata
competition. In soil without A. petiolata history, eighteen out of twenty seven target
species were significantly suppressed by A. petiolata competition. In contrast, only five
out of twenty seven target species were significantly suppressed by A. petiolata
competition in soil without A. petiolata history, all of them forbs. Within functional
group, grasses, trees and forbs were all significantly suppressed in soil without A.
petiolata history. This suggests that grasses and forbs may be more susceptible to A.
petiolata suppression than trees. A. petiolata does not appear to suppress exotic species
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more than native species. The growth of both exotic and native target species was
significantly suppressed by the presence of A.petiolata in soil with and without
A.petiolata history. Though my results show that A. petiolata competition suppressed the
growth of target species, the decline in target species suppression by A. petiolata in soil
with A. petiolata history suggests that the intensity of competition declined in association
with nutrient depletion and mycorrhizal suppression.
I found that A. petiolata growth was both suppressed and augmented when grown
with different target species. A.petiolata growth was significantly suppressed by grass
species in both soil treatments. In contrast, of the six tree species included in my
experiment, only Q. macrocarpa suppressed A. petiolata growth. Among the trees, A.
petiolata grew larger with both of the pines included in the experiment in soil without A.
petiolata history, suggesting that pines are poor competitors against A. petiolata and may
facilitate the growth of A. petiolata. Overall, A.petiolata grew significantly larger with
tree species in soil without A.petiolata history and was unaffected by the presence of a
tree competitor in soil with A.petiolata history. Of the sixteen forbs in my study, only H.
matronalis, the only target species in the Brassicaceae family in my experiment,
significantly suppressed the growth of A. petiolata. A.petiolata growth was not
significantly altered by the presence of a forb competitor in either soil treatment. This
suggests that forbs may not be effective suppressors of A. petiolata growth and may be
less able to resist A. petiolata invasion. Similar to the growth of target species, I found
evidence to suggest that competition may be less intense in soil with A. petiolata history.
My results differ slightly from the findings of Meekins and McCarthy (1999) in which
Acer negundo and Impatiens capensis, a tree and a forb, were strong competitors against
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A. petiolata while Quercus prinus, another tree, was a poor competitor. My data suggests
that tree and forb species may not be able to suppress the growth of A. petiolata and may
be more susceptible to displacement by A. petiolata invasion than grass species that can
effectively suppress A. petiolata growth.
A resource-deficient environment where plant growth is limited can reduce the
demand for resource uptake, reducing competition for resources (Grime 1977, Brewer
2003, Lamb et al. 2007). Previous studies have found evidence to suggest that
competition may be less intense in environments with low levels of nitrogen (Brewer
2003, Lamb et al. 2007). Conversely, the magnitude of competition may be unaffected by
decreases in soil fertility due to a decrease in aboveground competition for light but an
increase in belowground competition for soil resources (Wilson and Tilman 1993, 1995,
Cahill 1999). In soil with A. petiolata history, soil nitrogen concentration in the form of
nitrate and ammonium was reduced the most of the resources I quantified. Soil nitrogen
is typically the most important limiting nutrient in terrestrial systems (Tilman 1988) and
is crucial to the formation of Rubisco, the critical enzyme that catalyzes photosynthesis.
Similar to other greenhouse studies (Stinson et al. 2006, Callaway et al. 2008), I also
found that AM fungal colonization was suppressed in soil with A. petiolata history,
further limiting soil resources to target species. However, leaf tissue nitrogen
concentration, an indicator of nitrogen uptake, was only significantly different within 3
target species between soil treatments. Though I found that A. petiolata can suppress AM
fungi, target species growth was suppressed less by competition in soil with A. petiolata
history in than in soil without A. petiolata history suggesting that any positive influence
of mycorrhizal fungal suppression to A. petiolata’s competitive ability is superseded by
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the influence of nutrient depletion. While competition is less intense in soil with A.
petiolata history, unlike previous studies (Brewer 2003, Lamb et al. 2007) nitrogen may
not be the resource driving this pattern.
A. petiolata soil history can inhibit the growth of plant species irrespective of
fungal mutualisms. Despite not associating with AM fungi, the growth of A. petiolata and
H. matronalis, another member of the Brassicaceae, were inhibited in soils with A.
petiolata history, suggesting that A. petiolata soil history can inhibit plant growth
regardless of mycorrhizal suppression. This result differs from the findings of
Klironomos (2002) in which A. petiolata grew larger in soil with A. petiolata history than
in soil cultured with other species. The discrepancy in our results may arise from
differences in our methodology. Klironomos (2002) compared the growth of A. petiolata
in soil cultured with the growth of A. petiolata or another resident plant species. Since
plants were grown in all soil treatments, nutrients can be depleted in all soil treatments,
though the magnitude of nutrient depletion may differ between different species. The
observation that A. petiolata grew better in soil cultured by conspecifics than by
heterospecifics in the Klironomos (2002) study suggests that A. petiolata may deplete soil
nutrients less than other species. The method I used more closely emulates initial A.
petiolata invasion into unoccupied soil in a previously invaded or uninvaded forest than
Klironomos (2002), though the latter method may be more informative for hypotheses on
patterns of persistence in an environment. Contrary to Klironomos (2002), my results
suggest that soil cultured by A.petiolata does not positively influence the growth of
conspecifics as the depletion of soil nutrients inhibits A.petiolata growth.
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I found that morphological and physiological traits of plant species when grown
in the absence of competition more effectively predicts the competitive effect size of
target species towards A. petiolata than competitive response size. I found that plants
with fine roots effectively suppressed the growth of A. petiolata in soil without A.
petiolata history. In productive environments, rapid growth from competing plants limits
light availability and increases aboveground competition (Grime 1977, Kadmon 1995).
Producing shoot biomass that effectively competes for access to light requires high
uptake of soil resources (Grime 1977, Aerts et al. 1991, Campbell et al. 1991). Finer roots
increase root surface area, improving nutrient absorption through diffusion and mass flow
(Casper and Jackson 1997). In my experiment, angiosperm and gymnosperm woody
species had the thickest roots while grasses tended to have thinner roots, suggesting that
trees may be less effective at suppressing A. petiolata growth than grasses because of
poor soil resource uptake ability. This result supports findings from previous studies that
have found that increasing absorptive root surface area can improve competitive ability
(Aerts et al. 1991, Bates and Lynch 2001).
In support of the importance of light competition, plant species that were tall and
had high aboveground biomass in the early stages of competition effectively suppressed
the growth of A. petiolata in soil without A. petiolata history. This result is similar to
other studies that have found that sized-based traits are the best predictors of competitive
effect size (Gaudet and Keddy 1988, Rosch et al. 1997, Keddy et al. 2002, Wang et al.
2010). This pattern is driven largely by the differences in the competitive effect size of
the grass and pine species in my experiment. The grass species were the tallest and
largest species in my experiment and strongly suppressed the growth of A. petiolata.
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Conversely, the two pines in my experiment were the shortest and smallest species in my
experiment and were the least effective species at suppressing A. petiolata. In its first
year of growth, A. petiolata rosettes grow large leaves but are relatively short and are
thus susceptible to shading by other competitors. Plants that grow tall quickly are likely
able to produce leaves above A. petiolata and limit light interception, suppressing its
growth. Meekins and McCarthy (1999) found that A. petiolata is a poor competitor
against Impatiens capensis and Acer negundo, species that are taller than itself, while
being a strong competitor against Quercus prinus, a species that is of equal height to
itself.
Though large plants may have increased surface area to capture resources, they
may also possess physiological traits that confer the ability to grow large. I found that
photosynthetic efficiency was marginally related to the suppression of A. petiolata in the
early stages of competition. Efficient assimilation of carbon can facilitate the rapid
growth of shoot and root biomass for light and soil nutrient competition (Pearcy et al.
1981). Woody species had the lowest photosynthetic efficiency, suggesting that they lack
the ability to assimilate carbon rapidly and are thus unable to produce large enough
resource-harvesting organs to suppress A. petiolata. In contrast, forbs had the highest
photosynthetic efficiency even though they were only moderate suppressors of A.
petiolata relative to grasses, suggesting that growing effective resource-harvesting organs
is not entirely dependent on efficient photosynthesis.
Trait relationships were stronger in magnitude in soil without A. petiolata history
than in soil with A.petiolata history. This result can be explained by less intense
competition between A. petiolata and target species in soil with A. petiolata. The
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suppression of AM fungi and the depletion of soil nutrients reduced the growth of target
species and A. petiolata in soil with A. petiolata history, reducing the intensity of
competitive interactions. In resource-poor environments, competitive interactions are less
intense because the growth of competing plants is suppressed, limiting the growth and
uptake of resources (Grime 1977, Brewer 2003, Lamb et al. 2007). If competition is
weaker in resource-poor environments, then plant growth would no longer be influenced
by the functional relationships between traits and competitive ability. In contrast, Wang
et al. (2010) found that in a low resource environment, belowground traits such as root
biomass, area and length influence competitive effect size while size-based traits are
more influential in a high resource environment. This result would support a shift in the
importance of competition towards belowground resources and differs from my finding
of reduced competition in soil with A. petiolata history.
Of the eleven plant traits I measured, only aboveground biomass, early
photosynthetic yield and late plant height in soil without A.petiolata history were able to
predict target species’ competitive response size towards A. petiolata competition. This
result is similar to previous studies in which aboveground and belowground
morphological traits were correlated with competitive effect but not competitive response
(Wardle et al. 1998, Wang et al. 2010). A potential explanation for this result is that there
may be multiple strategies that confer competitive response and that the success of these
strategies is dependent on the environment (Keddy et al. 1994, Wang et al. 2010).
Resisting competition can be achieved by effectively acquiring resources or by tolerating
low resource levels (Keddy et al. 1998). This creates a situation where plants can
effectively resist competition by improving resource uptake or by conserving resource,
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strategies that could have opposing influences on plant traits (Grime 1977). If the success
of competitive response strategies is environmentally-dependent, then it may not be
possible to generalize relationships between plant traits and competitive response across
different environments (Keddy et al. 1994, Wardle et al. 1998, Wang et al. 2010) and
may not represent a determinant of the outcome of competition across different
environments.
This study shows that A. petiolata soil effects are unlikely to facilitate A. petiolata
invasion. Though I found evidence to suggest that A. petiolata soil history suppresses
AM fungi and depletes soil nutrients, these effects do not improve A. petiolata’s
competitive ability towards other plant species. On the contrary, the suppression of target
species by A. petiolata competition was reduced in soil with A. petiolata soil history,
suggesting that A. petiolata’s competitive ability was impaired. Consequently, A.
petiolata soil effects are unlikely to reinforce the persistence of A. petiolata in an
environment that has already been invaded by A. petiolata. On the other hand, my data do
not preclude competition as an important mechanism in the initial invasion of A.
petiolata. Grasses appear to be strong suppressors of A. petiolata growth in uninvaded
soils by shading out rosettes while also producing fine roots to compete for soil nutrients.
Conversely, tree species are unable to shade out A. petiolata and are poor suppressors of
A. petiolata growth. Though forbs vary widely in their morphology, they appear to be
susceptible to suppression from A. petiolata competition. As a result, forest communities
comprising tree species and forbs may be more susceptible to A. petiolata invasion than
grassland communities, a finding that is consistent with the forest edge and understory
communities that A. petiolata typically invades.
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Table 1. List of target species that were paired in competition with A. petiolata
Family

Scientific name

Exotic status

Funct.
Group

Aceraceae

Acer saccharum L.

Native

Tree

Perennial

Apiaceae

Daucus carota L.

Non-native

Forb

Biennial

Asteraceae

Achillea millefolium L.

Non-native

Forb

Perennial

Asteraceae

Non-native

Forb

Perennial

Asteraceae

Leucanthemum vulgare Lam.
Taraxacum officinale G.H. Weber ex
Wiggers

Non-native

Forb

Perennial

Asteraceae

Aster umbellatus Miller

Native

Forb

Perennial

Asteraceae

Rudbeckia hirta L.

Native

Forb

Perennial

Asteraceae

Solidago canadensis L.

Native

Forb

Perennial

Brassicaceae

Hesperis matronalis L.

Non-native

Forb

Biennial

Campanulaceae

Lobelia siphilitica L.

Native

Forb

Perennial

Caprifoliaceae

Sambucus nigra spp. canadensis L.

Native

Forb

Perennial

Clusiaceae

Hypericum perforatum L.

Non-native

Forb

Perennial

Cupressaceae

Thuja occidentalis L.

Native

Tree

Perennial

Fabaceae

Trifolium pratense L.

Non-native

Forb

Biennial

Fagaceae

Quercus macrocarpa Michx.

Native

Tree

Perennial

Juglandaceae

Juglans nigra L.

Native

Tree

Perennial

Lamiaceae

Prunella vulgaris L.

Native

Forb

Perennial

Pinaceae

Pinus strobus L.

Native

Tree

Perennial

Plantaginaceae

Plantago lanceolata L.

Non-native

Forb

Perennial

Poaceae

Bromus inermis Leyss.

Non-native

Grass

Perennial

Poaceae

Elymus canadensis L.

Native

Grass

Perennial

Poaceae

Elymus riparius Wiegand

Native

Grass

Perennial

Poaceae

Elymus virginicus L.

Native

Grass

Perennial

Poaceae

Panicum virgatum L.

Native

Grass

Perennial

Ranunculaceae

Aquilegia vulgaris L.

Non-native

Forb

Perennial

Rosaceae

Fragaria virginiana Miller.

Native

Forb

Perennial

Rosaceae

Prunus virginiana L.

Native

Tree

Perennial
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Life cycle

Table 2. ANOVA results of the effects of target species identity, A. petiolata competition,
soil history and their interactions on the biomass of target species.
Source
Species
Soil

Type III Sum of
Squares
1141.51

Sig.
df
26

Mean Square
43.904

F
66.78

5.29E-144

1.41

1

1.41

2.144

0.144

Competition

209.973

1

209.973

319.378

1.57E-55

Species * Soil
history
Species *
Competition
Soil history*
Competition
Species * Soil
history*
Competition
Error
Corrected Total

32.199

26

1.238

1.884

0.006

141.178

26

5.43

8.259

1.76E-25

45.136

1

45.136

68.653

1.10E-15

68.443

26

2.632

4.004

4.42E-10

326.75
2059.849

497
604

0.657

R Squared = .841 (Adjusted R Squared = .807)
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Table 3. ANOVA results of the effects of target species identity, soil history and their
interactions on the biomass of A. petiolata.
Source
Species
Soil history
Species * Soil
history
Error
Corrected Total

Type III Sum of
Squares
92.4
179.587
40.372

df
26
1
26

124.147
429.799

236
289

R Squared = .711 (Adjusted R Squared = .646)
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Mean Square
F
Sig.
3.554
6.756 3.74E-17
179.587
341.391 9.51E-48
1.553
2.952 7.30E-06
0.526

Table 4. Analysis of variance results of the effects of competition with a conspecific
competitor, soil history and their interactions on the performance of A. petiolata.
Source

Type III Sum of
Squares
6.943
1.29

df
1
1

Mean Square
6.943
1.29

F
15.41
2.864

Sig.
0.001
0.106

Soil history*
Competition

0.821

1

0.821

1.822

0.192

Error
Corrected
Total

9.011
18.065

20
23

0.451

Soil history
Competition

R Squared = .501 (Adjusted R Squared =
.426)
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Table 5. Regression equations describing the relationship between the competitive effect (CE) of target species and morphological and
physiological traits associated with resource-uptake capacity and efficiency. ANCOVA was used to determine if trait relationships
differed between soil treatments. Regressions of phylogenetically independent contrasts (PIC) describe the relationships between
competitive effect size and plant traits with the inclusion of phylogenetic information. Statistically significant regressions and
interactions are in boldface font (P<0.05).
Regression variables
soil m(SE)
+AP 0.155(0.056)
-AP 0.293(0.126)

b
-0.012
-0.566

r
P
0.238 0.029
0.177 0.029

2

ANCOVA
F
P
0.8
0.375

PIC
r
0.07
0.125

P
0.727
0.536

y
CES

x
aboveground biomass

CES

early photosynthetic yield

+AP 1.155(1.307)
-AP 7.615(3.806)

0.071
-1.705

0.030 0.385
0.138 0.056

2.755

0.103

0.157
0.281

0.434
0.156

CES

early plant height

+AP 0.017(0.008)
-AP 0.065(0.018)

0.094
-0.771

0.158 0.040
0.343 0.001

5.52

0.023

-0.05
0.359

0.806
0.066

CES

early chlorophyll
concentration

+AP 0.014(0.009)
-AP 0.058(0.018)

-0.116
-1.796

0.100 0.107
0.256 0.004

4.11

0.048

0.246
-0.038

0.236
0.855

CES

late photosynthetic yield

+AP 4.243(3.853)
-AP 12.644(7.976)

-0.387
-2.241

0.046 0.281
0.055 0.125

0.709

0.404

0.343
0.042

0.08
0.835

CES

late plant height

+AP 0.007(0.004)
-AP 0.025(0.013)

0.155
-0.453

0.094 0.121
0.136 0.058

1.824

0.183

-0.001
0.009

0.996
0.963

CES

late chlorophyll concentration

+AP 0.017(0.011)
-AP 0.047(0.023)

-0.189
-1.456

0.097 0.114
0.149 0.047

1.18

0.282

0.521
-0.084

0.008
0.691

CES

leaf mass/area

+AP 0.02(0.005)
-AP 0.067(0.019)

-0.515
-2.669

0.352 0.001
0.321 0.002

6.229

0.016

0.395
0.349

0.041
0.075

CES

%N

+AP -0.343(0.122)
-AP -0.459(0.413)

1.015
1.339

0.239 0.010
0.047 0.276

0.077

0.783

-0.089
-0.123

0.659
0.541

CES

average root diameter

+AP -1.338(1.06)
-AP -9.256(2.463)

0.727
2.56

0.062 0.219
0.370 0.001

8.719

0.005

0.253
-0.538

0.212
0.005

CES

root length/ shoot biomass

+AP -0.001(0.001)
0.523
-AP 0.000435(0.002) 0.215

0.033 0.186
0.003 0.789

0.481

0.491

-0.41
0.061

0.038
0.769
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Table 6. Linear regression equations describing the relationship between competitive response size (CRS) of target species and
morphological and physiological traits associated with resource-uptake capacity and efficiency. ANCOVA was used to determine if
trait relationships differed between soil treatments. Regressions of phylogenetically independent contrasts (PIC) describe the
relationships between competitive response size and plant traits with the inclusion of phylogenetic information. Statistically significant
regressions and interactions are in boldface font (P<0.05).
Regression variables

ANCOVA
2

PIC

y
x
CRS aboveground biomass

soil m(SE)
+AP -0.154(0.087)
-AP -0.532(0.13)

b
-0.435
-0.784

r
0.110
0.402

P
0.090
0.0004

F
P
5.001 0.003

r
-0.191
-0.59

P
0.339
0.001

CRS early yield

+AP -1.586(1.906)
-AP -9.831(4.532)

-0.399
0.226

0.027
0.158

0.413
0.040

2.98

-0.091
-0. 255

0.652
0. 209

CRS early height

+AP -0.011(0.012)
-AP -0.049(0.025)

-0.638
-1.563

0.032
0.134

0.373
0.060

1.731 0.194

-0.198
-0.241

0.322
0.227

+AP -0.023(0.012)
-AP -0.02(0.026)

-0.033
-1.665

0.120
0.023

0.077
0.455

0.01

-0.189
0.005

0.367
0.982

CRS late yield

+AP -2.405(5.724)
-AP -10.033(9.882)

-0.391
-0.354

0.007
0.040

0.678
0.320

0.362 0.55

-0.248
-0.133

0.213
0.51

CRS late height

+AP -0.012(0.006)
-AP -0.054(0.012)

-0.436
-0.727

0.130
0.436

0.064
0.0002

9.213 0.004

-0.421
-0.625

0.029
0.0005

CRS late chlorophyll concentration

+AP -0.022(0.016)
-AP 0.002(0.029)

-0.098
-2.443

0.074 0.168
0.0001 0.956

0.418 0.521

-0.223
-0.003

0.285
0.988

CRS leaf mass/area

+AP 0.01(0.01)
-AP -0.02(0.028)

-1.276
-1.467

0.041
0.021

0.309
0.473

1.206 0.277

0.201
-0.105

0.315
0.601

CRS %N

+AP
-AP
+AP
-AP
+AP
-AP

-0.876
-4.276
-1.312
-3.576
-0.683
-2.463

0.001
0.111
0.061
0.065
0.050
0.0001

0.900
0.089
0.226
0.210
0.270
0.961

2.597 0.113

-0.158
0.282
-0.03
-0.074
-0.133
0.184

0.432
0.154
0.884
0.718
0.518
0.367

early chlorophyll
CRS concentration

CRS average root diameter
CRS root length/ shoot biomass

0.026(0.204)
0.849(0.48)
1.94(1.56)
4.595(3.564)
-0.001(0.001)
0.000095(0.002)

38

0.09

0.919

0.466 0.498
0.237 0.628

Figure 1. Percent change in nutrient concentrations after growing A. petiolata in soil from a sugar maple forest without a history of A.
petiolata
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Figure 2. Effect of soil history (with or without A. petiolata growth) on the arbuscular mycorrhizal fungal colonization of 8 plant
species. Error bars show 1 SE. Asterisks denote significant difference between mycorrhizal colonization in +AP and –AP soil as
determined by planned contrasts (P<0.05).
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Figure 3. Effect of A. petiolata soil history on the leaf nitrogen concentration of target species.
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Figure 4. Effect of A. petiolata soil history on the growth of target species and A. petiolata. Bars represent percent change in plant
biomass of plant species when grown in +AP soil relative to –AP soil. Asterisks denote significant differences in plant biomass across
soil treatments as determined by planned contrasts (P<0.05).
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Figure 5. Effect of the presence or absence of A. petiolata on the biomass of target species
growing in A) +AP B) –AP soil. Error bars show 1 SE. Asterisks denote significant differences
between competition treatments as determined by planned contrasts (P<0.05)
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Figure 6. Effect of the presence or absence of A. petiolata on the biomass of functional groups
growing in A) +AP soil B) –AP soil. Significant differences between competition treatments as
determined by 1 df contrasts are denoted by asterisks (P<0.05), circumflexes (P<0.01) and
crosses (P<0.001)
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Figure 7. The effect of target species competition on the biomass of A. petiolata in A) +AP soil
B) –AP soil. Error bars show 1 SE. Asterisks denote significant differences between competition
treatments as determined by planned contrasts (P<0.05). Crosses denote significant differences
between A.petiolata biomass when grown with a conspecific competitor and a heterospecific
competitor (P<0.05)
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Figure 8. The effect of target species competition on the biomass of A. petiolata in A) +AP B) –
AP soil. Significant differences between competition treatments as determined by 1 df contrasts
are denoted by asterisks (P<0.05), circumflexes (P<0.01) or crosses (P<0.001).
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Figure 9. Scatterplots and linear regressions of competitive effect size (CES) vs. LMA (A),
average root diameter (B), aboveground biomass (C), early chlorophyll concentration (D), early
plant height (E) and early photosynthetic yield (F). Increasing values of CES indicate strong
suppression of A.petiolata whereas decreasing values indicate poor suppression. Open dots and
dotted line denote values from plants in +AP soil. Closed dots and solid line denote values from
plants in -AP soil.
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