
ORIGINAL PAPER

Long-term legacies and partial recovery of mycorrhizal
communities after invasive plant removal

Richard A. Lankau • Jonathan T. Bauer •

M. Rebecca Anderson • Roger C. Anderson

Received: 14 June 2013 / Accepted: 19 January 2014 / Published online: 7 February 2014

� Springer International Publishing Switzerland 2014

Abstract Invasive plants can have strong impacts on

native communities, which have prompted intense

efforts at invasive removal. However, relatively little

is known about how native communities will reas-

semble after a dominant invader has been removed

from the system. Legacy effects of invasive plants on

soil microbial communities may alter native plant

community reassembly long after the invader is gone.

Here we found that arbuscular mycorrhizal fungal

(AMF) communities have shown some recovery in

experimental plots following 6 years of removal of the

invasive Alliaria petiolata (garlic mustard, a species

known to degrade AMF communities) in terms of

taxonomic richness and community composition.

However, despite this recovery, the density of A. pet-

iolata at the beginning of the experiment (in 2004) still

correlated with lower AMF richness and altered

community composition after 6 years of annual

weeding, suggesting long-term legacies of dense

A. petiolata infestations. Because native plant and

mycorrhizal fungal communities may show interde-

pendence, reassembly of one community may be

limited by the reassembly of the other. Restoration

may be more effective if practices address both

communities simultaneously.
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Introduction

Invasive plants can have strong impacts on native

plant communities as well as soil microbial commu-

nities and soil function. These impacts can occur as a

consequence of the high dominance achieved by many

problematic invaders, but can also feedback to

promote and maintain this high dominance if the

invader changes soil properties in a way that benefits

its own growth relative to native species (Wolfe and

Klironomos 2005; Klironomos 2002; van der Putten

et al. 2007). Exotic species may have altered interac-

tions with diverse soil communities relative to native

species due to their lack of evolutionary history in their

new range; for instance, they may be released from

specialized pathogens or their chemical defenses may
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be especially effective against naı̈ve soil organisms

(Callaway et al. 2008; Callaway and Ridenour 2004).

Over the last 50 years, we have gained an increas-

ingly sophisticated understanding of how and why

exotic species can become invasive in their new range.

Exotic species may gain ecological advantages

through a plethora of mechanisms, including enhanced

responses to disturbance, release from natural ene-

mies, production of novel weapons, etc. (Catford et al.

2009; Hallett 2006). As a consequence of their high

abundance and negative ecological impacts, consid-

erable effort has gone toward extirpating or greatly

reducing invasive populations from natural areas

(Simberloff 2009). However, we still know relatively

little about how native communities will respond to

the removal of dominant invaders. Very few studies

have investigated the long-term legacies of invasions

through rigorous experimental means. Once invaders

are removed, do native communities return to a pre-

invasion state (in terms of diversity and composition)?

Do they remain in the typical low diversity state

created by the invader? Or do new communities

assemble that differ from the original and invaded

communities?

Predicting the response of native plant communities

to invader removal may be complicated if the invader

leaves behind long-lived legacy effects on soil prop-

erties. Legacy effects occur when the presence of a

species alters ecosystem functions or community

composition in ways that persist even when the

species is removed from the system (Kardol et al.

2007; Kulmatiski et al. 2006). These legacies can

occur through changes to soil structure, nutrient

cycling, or microbial communities. While many

studies have found that microbial communities can

shift in response to the presence of certain plant

species (Batten et al. 2008; Callaway et al. 2004;

Klironomos 2002; Pringle et al. 2009; van Grunsven

et al. 2010), we know relatively little about how

persistent these shifts will be in natural settings once

the invasive plants have been removed. If microbial

communities quickly revert to a pre-invasion stage

following invasive removal, then these effects might

have little impact on restoration and community

reassembly, even if they are important in the original

establishment and persistence of the invader. On the

other hand, if microbial communities (or certain

subsets of the microbial community) are slow to

revert, or develop in unexpected ways following

invasive removal, this could inhibit successful estab-

lishment of the desired native plant community in

restoration projects.

Here, we investigated the arbuscular mycorrhizal

fungal (AMF) community structure in soils in plots

naturally invaded by Alliaria petiolata and in plots

where the invader had been experimentally removed

for 6 years. A. petiolata is a biennial mustard native to

Europe that has become a wide spread invader of

understories in the eastern deciduous forests of North

America. This species likely benefits from multiple

ecological advantages in its introduced range (Rod-

gers et al. 2008), including the production of second-

ary compounds shown to reduce the abundance and

composition of mycorrhizal fungal communities

(Callaway et al. 2008; Cantor et al. 2011; Roberts

and Anderson 2001; Barto et al. 2011; Stinson et al.

2006). Since A. petiolata, like all mustards, is non-

mycorrhizal, this can provide a competitive advantage

to the invader over mycorrhizal native plants, which

depend on this mutualism for the acquisition of soil

nutrients (Smith and Read 2008).

To determine how A. petiolata invasions affected

native plant communities, we established permanent

plots in a central Illinois woodland invaded by A.

petiolata (garlic mustard), and experimentally weeded

the invader from two-thirds of these plots (either in

early or late spring), between 2005 and 2012.

Sampling of the vegetation in the permanent plots

occurred in mid to late May every year between 2004

and 2012, as well as sampling in April starting in 2008

and continuing through 2011. Data from an early

spring sample (April 19 and 20, 2008) showed that

cover of native spring ephemeral species increased in

removal versus control sites for one of two experi-

mental sites (upland vs. lowland forests), but there

were no changes in the cover of summer dominant

species in this early sample (Herold et al. 2011).

However, this recovery of native spring species may

be driven largely by non- or facultative mycorrhizal

species. The percent cover of the three dominant

mycorrhizal plant species at this site did not differ

among treatments in 2008, while the percent cover of

the three dominant non-mycorrhizal plant species

nearly doubled in removal plots (Anderson et al.

2010). Mycorrhizal inoculum potential (MIP) also

increased in removal treatments relative to controls by

2009 (25.72 vs. 18.29 %) (Anderson et al. 2010).

Similarly, vegetation data collected in a late sample
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(May) of 2011 indicated total cover of native species

was significantly higher in removal plots than controls,

but the differences in cover among treatments was

relatively small, and treatments had no significant

effects on species composition of summer dominant

species after 7 years (2005–2011) of weeding. Nearly

all of these species are mycorrhizal and collectively

had only a small increase in cover (Anderson et al.

2012). These data suggest that native communities

have begun to respond to the removal of A. petiolata,

but this recovery is relatively slow. The speed of

native response may be reduced by legacy effects of A.

petiolata on mycorrhizal fungal communities. Here,

we investigated the mycorrhizal fungal community

richness and composition in soils taken from these

experimental plots in fall of 2010 after 6 years of A.

petiolata removal. In particular, we asked:

1. After 6 years of A. petiolata removal, does the

richness or composition of AMF communities

differ between weeded and unweeded plots (i.e.

are mycorrhizal fungal communities recovering

from this invasion)?

2. After 6 years of A. petiolata removal, do mycor-

rhizal fungal communities reflect the initial den-

sity of A. petiolata in these plots (i.e. is there a

long-term legacy of A. petiolata invasion)?

Methods

Experimental design

Our study area is located 30 km northeast of Normal,

Illinois, USA in a second growth hardwood forest in

the ParkLands Foundation’s Merwin Nature Preserve.

There are well established populations of A. petiolata

on the study plots, which are located on an upland site

and a lowland site located in a low-lying area near a

creek. The upland site has a well-developed herba-

ceous spring ground layer, whereas the lowland site

does not. Both sites have a well-developed herbaceous

summer ground layer.

We used a randomized complete block design with

blocks nested within sites. More complete details of

the sampling design are provided in (Bauer et al. 2010)

and are summarized here. Each of our two study sites

has two blocks (*23 9 30 m) each containing 60

plots for a total of 120 study plots per site. Each plot

has a treatment area (2.5 9 2.5 m) and a central

sampling area (50 9 50 cm). Parallel transects were

located 5 m apart in each block and plots were placed

at 2.5-m intervals along each transect.

In each block, one-third of the plots (20) were

randomly assigned to a control or one of the two

treatments in which second-year A. petiolata plants

were hand removed either early (March 4–9) or late

(May 15–18). In early-treatment plots when all

second-year A. petiolata plants were being removed,

A. petiolata seeds had germinated, second-year plants

were still in the rosette stage, and nearly all native

species were dormant. In late-treatment plots, all

second-year plants were removed after second-year A.

petiolata plants had bolted, flowering was occurring,

and native species were actively growing. Thus, seed

input from second-year plants growing directly on the

plots was little to none. Treatments have been applied

annually 2005–2013 following a pre-treatment sample

of vegetation in plots in 2004.

Plant and soil sampling

Percent aerial cover of all plants rooted within the

sampling areas was estimated by species or by genus for

Sedges (Carex) and Violets (Viola) in May (2005–2013)

and in April 2008–2011 to sample spring ephemeral

species. Cover of first- and second-year A. petiolata was

also estimated and second-year plants were counted.

Counts of first-year A. petiolata were made in decimeter

quadrats nested in the NE and SE corners of the sample

plots. For pretreatment data there were no significant

differences in the cover of A. petiolata or native

vegetation between treatment or control plots.

Two soil cores (*5 g soil each) were taken from a

total of 192 plots (evenly distributed among the two

sites, the two blocks at each site, and the three

treatments within each block, for a total of 16 per

site 9 block 9 treatment combination) in November,

2010. Soil was kept on ice until transported back to the

laboratory and frozen at -80 �C. Genomic DNA was

extracted from 1 g of each sample using an E.Z.N.A.

Soil DNA kit (Omega Bio-tek, Atlanta, GA), and

diluted 1:10 with water for PCR amplification.

Molecular characterization of AMF communities

AMF communities in soil samples were characterized

with a database terminal restriction fragment length

Recovery of mycorrhizal communities 1981
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polymorphism (TRFLP) approach (Dickie and Fitz-

John 2007). In brief, this approach involved amplify-

ing mixed community AMF DNA with PCR, digesting

the products with restriction enzymes to convert

sequence variation to length variation, and sizing the

terminal fragments using capillary electrophoresis.

Clone libraries were created from a subsample of the

PCR products, sequenced, and the forward and reverse

terminal fragment sizes of each unique sequence type

for two enzymes were determined. We then used the

TRAMP package in R to predict which sequence types

could be present in a given sample based on the pattern

of terminal fragment sizes (Fitzjohn and Dickie 2007).

DNA was amplified by the AML1–AML2 primer pair

(Lee et al. 2008) using the following program: initial

denaturation at 94 �C for 15 min, followed by 30 cycles

of 94 �C for 30 s, 58 �C for 40 s, 72 �C for 55 s and an

additional extension of 72 �C for 5 min. PCR was carried

out using 20 ng of diluted template DNA, 1.2 lg T4

protein and 1.25 U Taq polymerase (Promega Go Taq

Flexi) in 19 accompanying buffer including a concen-

tration of 1.5 mM MgCl, 20 lM of each dNTP, and

0.4 lM of both AML1-FAM and AML2-NED, in a final

volume of 20 ll. PCR products were digested with MboI

(Promega) and submitted for capillary electrophoresis.

Based on the MboI TRFLP patterns, we selected a

subset of ten samples from each site (upland and

lowland) to use to make clone libraries. These ten

samples per site were chosen to include each unique

fragment length observed in the larger sample set for

that site, to help ensure that all AMF taxa present at a site

would be present in the mixed sample. We also made

sure that each set of ten samples included several from

each A. petiolata removal treatment and was equally

balanced between the two blocks per site. The ten

samples from each site were separately re-amplified

with untagged AML1–AML2 primers, and then com-

bined into two cloning reactions (one for each site).

Details of the cloning protocols can be found in (Lankau

and Nodurft 2013). In brief, the combined samples were

gel purified, then ligated into pGEM-T Easy Vector and

cloned into JM109 High Efficiency Competent Cells

using the pGEM-T Easy Vector System (Promega).

Transformed cells were grown over night at 37 �C on

LB/Amp plates. Fifty clones per site were picked,

regrown overnight on new plates, and then transferred to

liquid media and frozen. The clones were then re-

amplified with the M13F–M13R primer pair, and the

products digested with MboI and visualized on a 1.5 %

agarose gel. Of the 100 clones examined for restriction

fragment length patterns, we detected six unique RFLPs

across the two sites. We then chose 40 of these clones to

sequence, ensuring that we sequenced multiple versions

of each RFLP from each site. M13 PCR product from

clones selected for sequencing were purified using

EZNA (96) Omega PCR purification kits (Omega Bio-

tek, Atlanta, GA). Purified product was then submitted

to Georgia Genomics Facility for sequencing from the

AML2 primer. Returned sequences were corrected,

trimmed, and run through BLASTN. Sequences match-

ing to glomeromycotan sequences in the NCBI database

were then compared to the MaarjAM database (Öpik

et al. 2010) using BLAST in order to assign each AMF

clone to a virtual taxa (VT). Fifteen unique VTs were

detected among our 40 sequences. Representative

sequences from this and a parallel study (Lankau and

Nodurft 2013) were submitted to GenBank with acces-

sion numbers KF386264–KF386347. To create a

TRFLP database, we determined empirical terminal

restriction fragment lengths for each VT by digesting

several clones per VT with MboI and TfiI (New England

Biolabs), previously shown to be the most discrimina-

tory pair with this gene region (Lankau and Nodurft

2013). The resulting fragment patterns were then added

to a larger TRFLP database from a previous project

using soils and roots from six other A. petiolata invaded

forests (Lankau and Nodurft 2013), which in total

included 93 empirical TRFLs from 35 unique VTs. The

TRFLP database is available as Supplemental Informa-

tion. See Lankau and Nodurft (2013) for more method-

ological details.

Once the database had been made, all 192 samples

were amplified again and digested with TfiI (New

England Biolabs), and the two digest patterns com-

bined to allow matching to the TRFLP database using

the TRAMPR package in R (Fitzjohn and Dickie

2007). This algorithm searches for all possible matches

between the fragment sizes present in a sample and the

fragment size patterns of the taxa in the database.

Statistical analysis

Question 1: After 6 years of A. petiolata removal, does

the richness or composition of AMF communities

differ between weeded and unweeded plots?

The TRAMPR package produces a community matrix

of the presence or absence of each VT in each sample.

1982 R. A. Lankau et al.
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We calculated the richness of a sample as the number

of VTs detected. We used a generalized linear model

with a negative binomial error distribution to test

whether VT richness varied according to the site

(upland vs. lowland), A. petiolata removal treatment

(control, early, or late removal), and their interaction.

To compare composition among samples, we used

non-parametric MANOVA with the adonis function in

the vegan package in R, using the same dependent

variables (Oksanen et al. 2005). Additionally, we

compared the beta diversity within each treatment

group and site combination using the betadisper

function in the vegan package followed by a linear

model comparing distance to centroid for each group

(Oksanen et al. 2005). Because previous research on

these experimental plots has found strong differences

between the upland and lowland woods, we also

performed all analyses separately for each site.

The observed richness of a sample may depend on

the sampling effort (more species are expected when

more individuals are collected). The efficiency of the

PCR may act in an analogous way, with more taxa

detected in more efficient reactions (due both to

differences in starting copy number of the gene of

interest, and methodological variation). To control for

this, we included the total fluorescence of each sample

(minus that due to primer and primer dimer) as a

covariate in all of our models.

Question 2: After 6 years of A. petiolata removal,

do AMF communities reflect the initial density

of A. petiolata in these plots?

To test whether the presence of A. petiolata creates

long-term legacies in AMF community richness or

composition, we repeated the above analysis with

addition of the pre-treatment percent cover of first and

second year A. petiolata in each plot, measured in

2004. We also included all interactions with both the

site (upland vs. lowland) and removal treatments. As

before, we also performed both analyses separately in

each site.

Finally, since a plot of VT richness in 2010 versus

pre-treatment percent cover of A. petiolata in 2004

showed a strong pattern of heteroscedasticity, with

greater variance at low initial A. petiolata cover, we

also performed a quantile regression for each site

separately. We used five quantiles (tau = 0.1, 0.25,

0.5, 0.75, 0.9) to determine how the slope of this

relationship varied across this range. Quantile regres-

sion is useful in ecological studies when many

unmeasured factors can affect the variable of interest

(in this case, AMF richness), and so relationships with

a particular predictor (e.g. pre-treatment A. petiolata

cover) are apparent only in a subset of samples where

other factors are not limiting (Cade and Noon 2003).

Since our interest is to test whether variation in A.

petiolata density creates legacies that act long after the

invader has been removed, we only used plots from the

two removal treatments in this analysis.

Results

Question 1: After 6 years of A. petiolata removal,

does the richness or composition of AMF

communities differ between weeded

and unweeded plots?

AMF communities were richer in the upland versus

lowland site, but this difference was driven primarily

by the early removal treatment at the upland site,

resulting in a significant interaction between site and

A. petiolata removal treatment (Table 1A; Fig. 1). In

the upland site, AMF richness was significantly higher

in the early removal treatment relative to either the

control or late removal treatments (Table 1A; Fig. 1).

In the lowland site, there were no differences in AMF

richness among the treatments (Table 1A; Fig. 1).

Similarly, AMF community composition was most

divergent between sites (Table 1B), with a marginal

interaction between site and removal treatment. When

sites were analyzed separately, there was a significant

effect of removal treatment in the upland, but not

lowland site. This difference came primarily from

divergence in the early versus late removal treatments

(Table 1B). Composition in the control treatments was

more variable, encompassing the variation present

within both removal treatments (Fig. 2). This

increased variability was confirmed by a significant

difference in the multivariate dispersion of control

versus early or late removal samples in the upland site

(mean distance to group centroid: control, 0.415;

early, 0.320; late, 0.304; F2,83 = 4.734, P = 0.011)

but not the lowland site (mean distance to group

centroid: control, 0.363; early, 0.342; late, 0.368;

F2,83 = 0.158, P = 0.854). The multivariate disper-

sion is a measure of beta diversity among communities

Recovery of mycorrhizal communities 1983
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in a group, and reflects a lower consistency of taxa

composition in the control plots in the upland site than

in the early or late removal samples.

By comparing the frequency of occurrence of each

VT in samples from each site and removal treatment, it

is apparent that the higher richness of the early

removal treatment in the upland site is not due to one

or a few taxa occurring uniquely in those samples

(Fig. 3). Rather, the majority of VTs detected in the

upland site were found in early removal plots at a

higher frequency than in control or late removal plots

(10 of 12, Fig. 3). Consistent with the lack of statistical

differences in richness or composition among treat-

ments in the lowland site, there was no clear pattern in

the frequency of occurrence among the 15 VTs

detected in that site (Fig. 3).

Question 2: After 6 years of A. petiolata removal,

do mycorrhizal fungal communities reflect

the initial density of A. petiolata in these plots?

When considering all plots, the pre-treatment density

of A. petiolata in 2004 did not have a significant

correlation with AMF richness in 2010 (Table 2).

However, it was significantly correlated with AMF

community composition, as evidenced by the npMA-

NOVA (Table 2). Again, this effect was only evident

in the upland site.

While pre-treatment A. petiolata cover was not a

significant predictor in the overall GLM, this analysis

may have been affected by the heterogeneity of variance

in AMF richness across the gradient of pre-treatment A.

petiolata density (Fig. 4). The ‘‘triangle’’-shaped pattern

of points in Fig. 4a suggests a threshold relationship, in

which at low A. petiolata densities AMF richness can

vary from low to high, but at high A. petiolata densities

AMF richness tends to be low. This figure contains only

those plots from A. petiolata removal treatments, to

focus on the potential legacy effect for plots that have

had no or very low A. petiolata densities for the last

6 years. Quantile regression confirmed that the relation-

ship between pre-treatment A. petiolata cover and AMF

richness varied across quantiles, with no relationship at

low quantiles but an increasingly negative relationship

at higher quantiles (Table 3). Again, this relationship is

only evident in the upland site.

Table 1 Comparison of AMF richness and composition

among experimental sites and treatments

Source A. GLM of

AMF richness

B. npMANOVA of

AMF composition

All samples LR P Pseudo

F

R2 P

Site 10.61 0.001 4.83 0.03 0.004

Removal treatment 4.92 0.085 1.87 0.02 0.119

Site 9 removal

treatment

6.14 0.046 1.87 0.02 0.101

Total fluorescence 3.65 0.056 0.40 0.00 0.689

Site 1: Upland

Removal treatment 8.71 0.013 2.79 0.06 0.027

Total fluorescence 4.69 0.030 1.05 0.01 0.378

Control versus

early

2.59 0.011 1.51 0.03 0.243

Control versus late 0.40 0.691 1.45 0.03 0.273

Early versus late 22.31 0.023 6.05 0.10 0.006

Site 2: Lowland

Removal treatment 2.68 0.262 0.31 0.00 0.746

Total fluorescence 0.62 0.431 1.05 0.03 0.410

Control versus

early

-0.80 0.426 1.87 0.04 0.162

Control versus late -1.56 0.124 0.65 0.01 0.586

Early versus late -0.83 0.408 0.60 0.01 0.570

A. Results of a generalized linear model with a negative

binomial error distribution. LR = likelihood ratio

B. Results of a non-parametric MANOVA of AMF community

composition

For analyses within a site, non-orthogonal contrasts were

performed between each treatment comparisons. Bold values

are significant at P \ 0.05. For non-orthogonal contrasts, all

bold values remain significant following a sequential

Bonferroni correction

0

1

2

3

4

5

6

7

8

A
M

F
 V

ir
tu

al
 T

ax
a 

R
ic

h
n

es
s control

early
late

a

b

a
a

a
a

Upland Site Lowland Site

Fig. 1 Mean AMF richness (# of virtual taxa detected per plot)

for the control (black), early removal (gray), and late removal

(white) treatments, separately for the upland and lowland sites.

Error bars are standard errors. Bars that share the same letter

within a site are not significantly different, according to non-

orthogonal contrasts
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Discussion

Considerable research has investigated the impacts of

invasive species on native communities, and the

strongly negative effects of some invaders on native

diversity have prompted control efforts to reduce or

eliminate invaders from select areas. However, little is

known about how the native community will reas-

semble once a dominant invader has been removed. In

particular, invasive plants that alter ecosystem func-

tions, for instance by altering abiotic and biotic

properties of soils, may create legacy effects that alter

or inhibit the establishment of native communities

long after the invasive population is gone. While such

legacy effects have been documented in some cases

(Grove et al. 2012; Kulmatiski and Beard 2011;

Marchante et al. 2009), long-term experimental data

are still rare. Here, we investigated the reassembly of

AMF communities in soils previously invaded by the

anti-mycorrhizal A. petiolata in a 6-year invader

removal experiment. We found that in one of the two

sites studied, AMF communities increased in richness

and diverged in composition in the weeded plots,

suggesting that mycorrhizal fungal communities can

reassemble once the invader is removed. However,

even after 6 years of invader removal, the original

density of A. petiolata in a plot remained a strong

predictor of AMF richness and composition, suggest-

ing that this invader does leave a legacy of altered

Fig. 2 Non-metric multidimensional scaling ordinations of

AMF communities, separately for the upland (a) and lowland

sites (b). Ellipses show 95 % confidence intervals around the

group centroid. Arrows depict an environmental fit of pretreat-

ment A. petiolata percent cover (significant for the upland but

not lowland site). Due to identical VT composition, some

samples overlap in the ordination plot

Fig. 3 Heat map of frequency of occurrence for each AMF

virtual taxa in each site by treatment combination. Frequency of

occurrence is calculated as the number of samples containing the

taxa in each site by treatment combination, divided by the total

number of samples in that site by treatment combination

Recovery of mycorrhizal communities 1985
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AMF communities for years after it has been success-

fully removed.

We consistently found different effects of A.

petiolata removal between the two experimental sites.

This is consistent with previous studies of this

experiment, which also found a stronger effect of A.

petiolata removal on plant communities in the upland

site (Anderson et al. 2010, Herold et al. 2011). When

we did find an effect of A. petiolata removal, it was

generally much stronger in the early versus late

removal treatments. This is not surprising, since the

early removal treatments likely prevented A. petiolata

soil impacts to a greater degree by removing second-

year plants at the beginning of spring, before their

rapid growth and flowering, while the late removal

treatment weeded plants after several additional

months in which the adult plants were growing rapidly

and potentially producing high volumes of secondary

compounds.

Interestingly, the increase in AMF richness in the

early removal treatment in the upland site did not

appear to come from the reestablishment of particular

taxa that had been extirpated by the presence of A.

petiolata. Rather, the majority of taxa detected at that

site (10 out of 12) occurred more frequently in early

removal plots compared to control or late removal

ones. This can also be seen in the non-metric

dimensional scaling ordination, where the AMF

communities in control plots are more dispersed, but

still largely overlap those in the early removal plots. It

appears that A. petiolata invaded plots had overall less

rich but also less consistent AMF communities, while

the early removal plots were more consistent in their

communities because each plot contained a higher

proportion of the available taxa pool. One interpreta-

tion of this result is that the AMF taxa present in this

site do not differ drastically in their resistance to A.

petiolata, but that overall lower population sizes in the

presence of the invader leads to stochastic loss of taxa

from particular locations. Similarly, the pattern of

higher richness in removal plots may reflect generally

higher population sizes across all of the taxa, resulting

in a higher probability of detection by our molecular

methods. Unfortunately, we do not have data on the

AMF community composition of this site prior to the

establishment of A. petiolata. Therefore, we cannot

determine whether the increase in richness or change

in composition in early removal plots represents a

Table 2 Comparison of AMF

richness and composition

versus pre-treatment A.

petiolata density

A. Results of a generalized

linear model with a negative

binomial error distribution.

LR = likelihood ratio

B. Results of a non-parametric

MANOVA of AMF

community composition

Bold values are significant at

P \ 0.05

Source A. GLM of AMF

richness

B. npMANOVA of

AMFcomposition

All samples LR P Pseudo F R2 P

Site 8.76 0.003 4.85 0.03 0.007

Removal treatment 5.38 0.068 1.88 0.02 0.117

Site 9 treatment 6.39 0.041 1.53 0.02 0.202

Pre-treatment % cover A. pet 1.01 0.314 3.07 0.02 0.045

% cov 9 site 1.95 0.163 2.07 0.01 0.124

% cov 9 treatment 0.59 0.743 0.15 0.00 0.937

% cov 9 site 9 treatment 1.03 0.597 1.05 0.01 0.396

Total fluorescence 3.00 0.083 0.40 0.00 0.688

Site 1: Upland

Removal Treatment 8.19 0.017 2.87 0.06 0.018

Pre-treatment % cover A. pet 2.38 0.124 4.45 0.05 0.022

% cov 9 treatment 1.55 0.461 0.39 0.01 0.799

Total fluorescence 3.75 0.053 1.07 0.01 0.367

Site 2: Lowland

Removal treatment 2.82 0.245 1.03 0.03 0.415

Pre-treatment % cover A. pet 0.00 0.956 0.06 0.00 0.876

% cov 9 treatment 0.15 0.928 0.78 0.02 0.556

Total fluorescence 0.50 0.478 0.31 0.00 0.736
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return to a pre-invaded state, or the development of a

novel AMF community.

Removing A. petiolata by hand-pulling causes

some soil disturbance, and such disturbances can

negatively affect both AMF abundance and diversity.

However, we are fairly confident that this effect was

minor compared to the direct effects of A. petiolata,

for several reasons. First, we only removed second-

year garlic mustard plants, and the abundance of

second year plants in our weeded plots declined

dramatically over the course of the experiment, with a

consequent decline in the yearly soil disturbance.

Secondly, pulling second-year plants disturbs a rela-

tively small volume of soil. The root mass is only

15.7 % of the total biomass of the plant (Anderson

et al. 1996), and A. petiolata has a rather narrow tap

root so the area of soil being disturbed by removal of

second-year plants is less than the area of plant cover.

Finally, and perhaps most importantly, our data show

patterns opposite to what one would expect were soil

disturbance the primary force in the experiment. We

have shown in a previous study that there is an increase

in soil MIP in removal plots compared to the control

plots (Anderson et al. 2010). Here we find a higher

diversity of AMF taxa in removal plots. Soil distur-

bance tends to reduce both AMF abundance and

diversity. Thus, to the extent soil disturbance was

important in this experiment, it likely made our

findings conservative (i.e. if there were a way to

remove A. petiolata root systems without disturbing

the soil, we may have seen stronger increases in

diversity in our removal plots).

Although we detected patterns consistent with

some recovery of AMF communities in the early

removal plots, we also found evidence of long-term

legacy effects of A. petiolata on AMF community

structure even after 6 years of experimental weeding.

In the two removal treatments, both richness and

composition correlated with the initial density of A.

petiolata measured before the start of the experiment.

For richness, this was reflected in a ‘‘triangle’’ shaped

distribution of community richness versus initial A.

petiolata density, in which AMF richness can vary

from low to high when initial A. petiolata density was

low, but is restricted to be low when initial A. petiolata

density was high. Such patterns are common in

ecological data when the metric of interest (AMF

richness) can be limited by multiple factors, such that

the effect of any one factor is only evident in the subset

of samples in which other factors are not limiting

(Cade and Noon 2003). There are likely many reasons

why AMF richness may be low, with A. petiolata

density being one of them. However, when initial A.

petiolata density was high, AMF richness appeared to

be restricted to staying low even after years of weeding

had essentially eliminated A. petiolata from these

plots.

The legacy pattern could be explained in multiple

ways. Since the secondary compounds of A. petiolata
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Fig. 4 Scatter plot of AMF richness versus pretreatment A.

petiolata percent cover (measured in 2004), separately for the

upland (a) and lowland (b) sites. Trend lines represent slopes for

the five quantiles used in the quantile regression analysis. The

ordinary least squares regression is represented with a solid line,

while the quantiles (tau = 0.1, 0.25, 0.5, 0.75, 0.9) are

represented with broken lines. Quantiles can be identified by

their y-intercepts (increasing with increasing tau). Intercepts and

slopes differ slightly from Table 3 due to the absence of the

‘‘total fluorescence’’ covariate
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have a short half-life in soils (hours to days), it is

unlikely that the soil itself remained toxic to AMF

after A. petiolata was weeded (Barto and Cipollini

2009). Instead, low dispersal ability of the fungi may

have prevented them from reestablishing in the

heavily invaded plots after weeding. Since AMF are

obligate mutualists, their reestablishment would

require the prior establishment of suitable host plants

in these plots. If the host plants are themselves reliant

on AMF for establishment, this could present a

substantial barrier to community reassembly since

neither partner could successfully establish without

the other. Indeed, much of the increase in native cover

in the weeded plots came from non-mycorrhizal plant

species (Anderson et al. 2010), supporting the possi-

bility of co-limitation of establishment for native AMF

and mycorrhizal plants.

Another possibility is that A. petiolata preferen-

tially invaded microsites that were already low in

AMF richness for other reasons, creating a correlation

between initial A. petiolata density and AMF richness

for opposite causal reasons. Since A. petiolata is non-

mycorrhizal, it is possible that it would be competi-

tively favored in areas that had low AMF abundance

and/or diversity for other reasons. The factors con-

trolling AMF diversity in natural systems are not well

understood, so it is not clear whether we should expect

variation in AMF diversity due to fine-scale edaphic or

microclimate/topography heterogeneity on the scale

of this experiment (tens of meters). However, the

observed increased in AMF richness following exper-

imental weeding of A. petiolata, along with numerous

studies in laboratory and field conditions (Stinson et al.

2006; Callaway et al. 2008; Cantor et al. 2011), points

to a direct effect of A. petiolata on AMF abundance

and diversity.

We are only beginning to understand the role of

AMF diversity in natural systems. AMF taxa are

considered broadly generalized because almost any

AMF taxa will form connections with almost any

mycorrhizal host plant (Smith and Read 2008).

However, the functional consequences of these inter-

actions for plant growth can be widely variable

(Klironomos 2003). In surveys of natural communi-

ties, plant species were found to associate with non-

random subsets of the available fungal pool, suggest-

ing a level of ecological specificity not captured in

one-to-one laboratory trials (Davison et al. 2011).

Additionally, increased diversity of AMF communi-

ties on individual plants may increase plant growth

and fitness if different AMF taxa provide comple-

mentary benefits (Maherali and Klironomos 2007).

While more research is needed to determine the

impact of reduced AMF diversity per se (compared to

reduced abundance overall) on native plant commu-

nities, our current understanding suggests that main-

taining AMF diversity at naturally high levels may be

a valuable management objective. Additionally,

understanding the potential co-limitation of native

plant and mycorrhizal fungal recovery in post-inva-

sion landscapes could provide insight in restoration

failure and suggest alternative restoration practices

(e.g. soil restoration) to overcome this issue and help

prevent reinvasion. For instance, previous studies in A.

petiolata invaded forests found that oak seedlings

inoculated with living, uninvaded forest soil commu-

nities established and grew better in the presence of A.

petiolata compared to seedlings lacking this inoculum,

in those populations where the invader produced high

levels of allelochemicals (Lankau 2012). Other studies

have found that inoculation with soil communities

from reference sites can promote the establishment of

Table 3 Quantile regression

parameters of AMF richness

versus pretreatment A.

petiolata cover for the A.

petiolata removal plots for five

quantiles (tau levels)

Bold values are significant at

P \ 0.05 based on boot-

strapped standard errors

tau

0.100 0.250 0.500 0.750 0.900

Site 1: Upland

Intercept 3.232 2.982 5.176 6.726 11.738

Pre-treatment % cover A. pet -0.021 -0.011 -0.023 20.075 20.112

Total fluorescence 0.000 0.000 0.000 0.000 0.000

Site 2: Lowland

Intercept 1.019 1.184 2.565 5.659 7.641

Pre-treatment % cover A. pet -0.008 0.009 0.014 -0.029 -0.035

Total fluorescence 0.000 0.000 0.000 0.000 0.000
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late successional native species in restorations (Mid-

dleton and Bever 2012). While natural recovery of soil

communities following invasive removal may occur

eventually, restoration success may be improved by

direct interventions to accelerate this process.
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