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Abstract This study quantified intersite variation and
spatial pattern in arbuscular mycorrhizal (AM) and ec-
tomycorrhizal (ECM) infectivity of soils among six sites
constituting a successional chronosequence in south-
western Ohio, USA. The study sites included an active
agricultural field (chronic disturbance), a site which had
been stripped of its surface soil (pseudo-stripmine,
acute disturbance), 5- and 10-year-old fields, a 25- to
30-year-old prairie restoration, and an undisturbed,
mature forest. AM infectivity was lower in the agricul-
tural field, successional fields, and prairie than in the
mature forest, but there was no clear correlation be-
tween time since disturbance and the overall level of
AM infectivity. Spatial structure in AM infectivity de-
creased with time since disturbance. In the pseudo-
stripmine site and active soybean field, semivariance
analysis attributed 44–50% of the total variance in AM
infectivity among samples to spatial structure, whereas
spatial dependancy accounted for only 18% of total
variance in the mature forest. Kriging of AM infective-
ness demonstrated small, isolated areas in the disturbed
plots that were devoid of AM infectiveness, whereas
the kriged AM maps of the other four sites showed AM
infectiveness to become progressively more homogene-
ous. ECM infectiveness was lacking from 35–50% of
the samples from the disturbed sites, and both overall
ECM infectiveness and ECM diversity increased with
time since disturbance. Approximately 44% of the var-
iance in ECM infectiveness was related to spatial struc-
ture in the two disturbed sites, and large areas entirely
devoid of ECM infectivity were present on the kriged
ECM maps for these sites. There was less spatial struc-
ture in ECM in the old fields and prairie and very little
in the mature forest. The results of this study empha-
size the need to explicitly evaluate spatial heterogenei-

ty in mycorrhizal infectivity in studies of the role of my-
corrhizae in succession.
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Introduction

Conceptual models of the role of mycorrhizae in suc-
cession emphasize nutrient availability and mycorrhizal
infectiveness of soils in determining whether mycorrhi-
zae assume an important regulatory function (e.g. Ja-
nos 1980; Allen and Allen 1990). In most mesic ecosys-
tems, high root density and the ubiquity of long-lived
mycorrhizal plants leads to a condition where inoculum
(both spores and hyphae) is probably always available
to newly germinated seedlings (e.g. Read et al. 1985;
Janos 1984, 1992). After disturbance of the vegetation,
however, the soils of such sites are more likely to have
reduced and/or patchy mycorrhizal infectiveness (Janos
1992), especially for fungi that colonize new roots pre-
dominantly from hyphae rather than spores.

Most ecosystems are subject to a variety of natural
and human-induced disturbances (Pickett and White
1985). The extent to which mycorrhizal infectiveness is
reduced or rendered patchy following a given distur-
bance depends on the type, duration, and intensity of
that disturbance. Thus, residual mycorrhizal infectivity
could, for example, be expected to differ significantly
between intense, acute disturbances such as surface
mining and chronic disturbances such as row crop agri-
culture. Furthermore, the effect of a given disturbance
may differ between arbuscular mycorrhizal (AM) and
ectomycorrhizal (ECM) fungi. Before the role of my-
corrhizae as regulators of succession in a given biome
or ecosystem can be fully evaluated, the effect of var-
ious disturbances on both the mean level of soil infec-
tiveness and the spatial pattern of infectiveness must be
quantified. The specific objectives of this study were (1)
to quantify overall levels of AM and ECM infectiveness
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of soils, and (2) to determine the spatial heterogeneity
in infectiveness along a successional chronosequence in
southwestern Ohio.

Materials and methods

Study areas

We chose a total of six sites for this study, of which two were
recently disturbed, two were successional, and two were mature
communities. Five of the six were located within a 500-ha area at
the Miami University Ecology Research Center in Oxford, Ohio.
Site 1 was an active agricultural field which had been in soybeans
(Glycine max L.) for the previous 5 years. This site was our chron-
ically disturbed site and had been farmed continuously for at least
25 years. Site 2 was an area we termed a pseudo-stripmine, which
had been stripped of its surface soil, leveled, compacted, and
broadcast planted with the stress-tolerant grasses Agrostis alba L.
and Bromus commutatus Schrad. This was our acutely disturbed
site. Sites 3 and 4 were a 5-year-old field dominated by Solidago
spp. and Festuca eliator L. and a 10-year-old field dominated by
Solidago spp. and Aster spp. with scattered young Juniperus vir-
giniana L. Site 5 was the Wilson Prairie, a 25- to 30-year-old tall-
grass prairie restoration dominated by Andropogon gerardii Vit-
man and Solidago canadensis L. All five sites were located on Xe-
nia silt loam (typic hapludalfs), formed on calcareous glacial till
overlain by loess (Lerch et al. 1980). Xenia series soils are circum-
neutral (pH range 6.6–7.3) and have high water-holding capacity
(Lerch et al. 1980).

The sixth study site was located in Hueston Woods State Na-
ture Preserve, 4.5 km from the other five sites. Hueston Woods is
dominated by Fagus grandifolia Ehrh., Acer saccharum Marsh.,
and Fraxinus americana L., and has remained undisturbed since
Euro-American settlement (Runkle et al. 1984). The Hueston
Woods site was located on Russell silt loam (typic hapludalfs)
formed on calcareous glacial till (Lerch et al. 1969). Russell series
soils are also circumneutral in reaction (pH range 5.6–7.3) and are
high in organic matter and water-holding capacity (Lerch et al.
1969).

Sampling design

In each of the six study areas, we established three random
5!5 m sample plots within an area of 900 m2 in mid-June 1992.
Although most studies of spatial pattern in soil properties and
processes focus on a single plot (e.g. Robertson 1987; Robertson
and Freckman 1995), we analyzed three plots in each study area
to gain insight into the variation in spatial dependence within
study areas. In each sample plot, we established 32 sample points
in a regular grid. A regular sampling design within random plots
was used in order to facilitate later interpolation and mapping of
infectiveness within each plot. The minimum and maximum dis-
tances between sample points in each sample plot were 100 cm
and 707 cm, respectively.

At each sample point we cleared the surface litter or debris by
hand, then extracted two A-horizon soil cores (2 cm diameter and
8–12 cm length) as close to each other as possible. Typically, the
two cores came from an area of no more than 15 cm2. The intact
soil cores were transported to the greenhouse under refrigera-
tion.

Infectiveness analysis

In the greenhouse, we packed the soil cores from each sample
point into “fir-size Cone-tainers” (Cone-tainer Nursery, Canby,
Ore). For mycorrhizal infectiveness bioassays, one of each pair
was planted with two seeds of Panicum virgatum L. (switchgrass),
a perennial grass with strong AM dependency and responsiveness

(Boerner 1992), and the other with two seeds of Pinus rigida Mill.
(pitch pine), an ECM-dependent species. The Panicum seedlings
emerged in 2–3 days and the Pinus seedlings in 6–8 days. Cone-
tainers in which seedlings did not appear by day 8, or in which
seedlings had emerged prior to day 8 and subsequently died, were
replanted on day 9. To control for mycorrhizal inoculum dispers-
ing into the Cone-tainers via air or water, control Panicum and
Pinus seeds were also planted in sterile sandcpeat; all controls
were free of infection at harvest.

The plants were then grown for 8 additional weeks (i.e. July
and August) in a glasshouse at ambient light and temperature,
and fed weekly with low-P Ruakura solution (Smith et al. 1983).
After harvest, the root systems of the Panicum plants were
cleared and stained with trypan blue (Phillips and Hayman 1970)
and infection of 10 randomly chosen 2.0-cm root sections per see-
dling was assessed (Giovanetti and Mosse 1980). Any root seg-
ment in which we could observe vesicles or arbuscules was con-
sidered to be infected, regardless of the proportion of that seg-
ment with AM structures. We used this relatively rapid procedure
to assess infection because prior studies of AM infection in Pani-
cum virgatum in our laboratory (e.g. Boerner 1992) had estab-
lished that this procedure produces estimates not significantly dif-
ferent from those obtained by counting entire Panicum virgatum
root systems using a gridline intercept system.

The root systems of the Pinus plants were preserved in for-
malin :acetic acid :ethyl alcohol, and the number of root tips with
visible ECM infections was determined under a dissecting micro-
scope. We considered any short roots with visible mantle devel-
opment and morphology/color different from the long, narrow,
white appearance of uninfected roots from our controls to be
ECM infected. We performed checks on questionable root tips by
trypan blue staining and microscopic inspection. No attempt was
made to trap culture and identify the AM fungi in the bioassays,
and ECM identification was limited to differentiation of ECM
types based on color, morphology, and mantle characteristics.

Statistical analysis

Because the proportion of root segments exhibiting AM infec-
tions varied from 0% to 100% and was normally distributed
(mean of 61%), we utilized this metric as our measure of AM
infectiveness. We could not, however, use the proportion of root
tips exhibiting ECM infections as a metric for infection intensity
because the distribution was strongly bimodal; Pinus bioassay
seedlings exhibited either 0% or 98–100% of root tips infected.
This distribution was so strongly bimodal that we could not trans-
form the data to a normal distribution using standard transforma-
tion techniques, and normality is a requirement for subsequent
semivariance analysis. Thus, instead of percent ECM infection,
we utilized the number of root tips with ECM infections as our
index of infectiveness, as this parameter was both normally distri-
buted (mean of 253 infected tips/seedling) and well correlated
with above-ground seedling mass (rp0.897, P~0.01).

Levels of AM and ECM infectiveness were first tested for nor-
mality and homogeneity of variances, then subjected to analysis
of variance, with sample plots nested within study areas (SAS
1985). All significant differences were at P~0.05 unless otherwise
indicated.

In any system structured by nonrandom processes, samples
taken from locations close together are more likely to be positive-
ly correlated with each other than are samples taken farther
apart. To quantify the degree of spatial autocorrelation existing
among our samples, to determine the maximum distance at which
infectiveness levels were significantly correlated, and to facilitate
subsequent mapping of infectiveness patterns, we used semivar-
iance analysis (GSc Version 2.0, Gamma Design Software, Plain-
well, Mich.). Semivariance analysis calculates an autocorrelation
index (the semivariance) among groups of pairs of samples sepa-
rated by a given distance, and then produces a composite graph of
the relationship between the semivariance among samples and
the distance between samples (the semivariogram). GSc then fits
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Fig. 1 Two measures of arbuscular mycorrhizal (AM) infective-
ness of soils based on Panicum virgatum bioassays. Each histo-
gram bar represents the mean of 96 bioassays, with standard er-
rors of the means also indicated. Within a row, histogram bars
labelled with the same lower case letter were not significantly dif-
ferent at P~0.05 following analysis of variance

a range of models to the semivariogram by unweighted least-
squares analysis. From the best fit model for the semivariogram,
the total model variance can be divided into one component re-
lated to spatial pattern or structure in the data set (the structural
variance, C) and a second component which combines variance
due to spatially dependent properties operating at scales larger or
smaller than those encompassed by the sampling design and sam-
pling/analysis error (the nugget variance, C0). We used the pro-
portion of total model variance (CcC0) represented by structural
variance as a measure of spatial dependence (cf. Robertson and
Freckman 1995). In a system that is strongly spatially structured,
the proportion of total variance accounted for by the structural
variance component will approach 1; in contrast, in systems with
little spatial structure, or where the actual scale of the spatial
structure is either larger or smaller than that defined by the sam-
pling design, the proportion of total variance accounted for by
structural variance will be small. After the best-fit semivariogram
model was constructed, it was used to map infectiveness patterns
for each plot by kriging (a form of nonlinear interpolation for
mapping) using SURFER (Golden Software, Golden, Colo.).

Results

Chronosequence patterns

Over all study sites, `97% of the AM bioassays with
Panicum developed an AM infection (Fig. 1). Although
none of the 192 bioassays from Hueston Woods or the
Wilson Prairie failed to develop an AM infection, the
AM bioassay failure percentage was significantly
greater than 0 in the two disturbed sites (soybean field
and pseudo-stripmine) and the two successional sites
(5- and 10-year-old fields).

The percent of total root segments with AM infec-
tions varied significantly among sites, but not in a con-
sistent temporal pattern (Fig. 1). The highest levels of
AM infection were present in seedlings grown in soils
from Hueston Woods and the pseudo-stripmine and
the lowest in soils from the soybean field, 5-year-old
field and the Wilson Prairie. Thus, sufficient AM infec-
tiveness existed in these sites for 95–100% of seedlings
to establish an AM relationship within 8 weeks, and
variation in infectiveness among sites was not corre-
lated with time since last disturbance.

The temporal patterns of ECM infectiveness were
quite different from those of AM. The proportion of
Pinus bioassays that failed to develop any discernable
ECM infection decreased with time since disturbance,
from 38–48% in the disturbed sites to 1–3% in the ma-
ture sites (Fig. 2). Furthermore, the number of ECM
root tips per Pinus seedling increased from a mean of
~100 ECM tips/seedling in bioassays from the soybean
field to `450 ECM tips/seedling in bioassays from
Hueston Woods. The number of distinct ECM types
also increased with time since last disturbance, and the
number of rare ECM types (defined as those present
on ~5% of the root tips) was three-fold higher in the
bioassays from Hueston Woods, Wilson Prairie and the
10-year-old field than in the three younger sites (Fig.
3). Thus, both ECM infectiveness and diversity both in-
creased with time since last disturbance.

Spatial patterns

To evaluate spatial heterogeneity at a coarse level of
resolution, we performed an analysis of variance for
each study site using the sample plots as the main ef-
fect. These analyses indicated no significant spatial dif-
ferences in AM infectiveness within any site, and no
significant spatial differences in ECM infectiveness in
the pseudo-stripmine, Hueston Woods, or Wilson
Prairie sites. There were, however, significant differ-
ences in ECM infectiveness among plots in the soybean
field and the two successional fields.

To better resolve finer scale spatial patterns of infec-
tiveness within and among sample plots, we subjected
the AM and ECM infectiveness patterns to semivar-
iance analysis and generated interpolated maps of in-
fectiveness in each study plot from the best-fit models
for the semivariograms by kriging. Semivariograms
with both a sill and fit of r260.200 could be fit to the
AM infectiveness levels for 13 of the 18 study plots, in-
cluding all three plots from the soybean field, the 5-
year-old field, and the Wilson prairie, but only one of
three plots in Hueston Woods (Table 1). The propor-
tion of total model variance attributable to spatial
structure was greatest in the pseudo-stripmine
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Fig. 2 Two measures of ectomycorrhizal (ECM) infectiveness of
soils based on Pinus rigida bioassays. Format follows Fig. 1
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Fig. 3 Ectomycorrhizal diversity in Pinus rigida bioassays from
six southwestern Ohio study site. The total number of ECM types
(defined by color, morphology, and mantle characteristics on
short roots) and the number of rare ECM types (defined as being
present on ~5% of the root tips in any study site) are given. Each
histogram bar represents 96 bioassays

(meanp.501) and soybean field (meanp.438) and low-
est at Hueston Woods (meanp.179). Overall, spatial
structure in AM infectiveness decreased with time since
disturbance.

The kriged maps for the pseudo-stripmine and soy-
bean field plots exhibited spatial gradients from distinct
areas of low to high AM infectivity (Fig. 4). As a result,
samples taken close together would be more likely to
be highly correlated than samples from farther apart on
the gradients, and the plots appeared to be strongly
structured spatially. This pattern was particularly strik-
ing in plots 2 and 3 of the active soybean field, where
areas of low and high infectivity were separated by dis-
tances of 100 and 212 cm, respectively. These were the
only plots in which significant directionality (anisotro-
py) in AM infectivity was present, with spatial patterns
of AM infectivity correlating well with plowing pat-
terns.

The AM infectiveness plots for the 5- and 10-year-
old fields (Fig. 5) showed small, isolated areas of either
very high or very low AM infectiveness within a larger
matrix of intermediate infectiveness. Most of the iso-
lated points with low infectiveness were associated with

sites of concentration of typically nonmycotrophic plant
species [e.g. Juncus tenuis Willd., Carex complanata
Torr. & Hook., and Lepidium campestre (L.) R. Br.].
The presence of these isolated patches, especially in the
10-year-old field, was the reason that the semivariance
analysis attributed a minor proportion of the total var-
iance in AM infectiveness in these sites to spatial struc-
ture. The kriged maps for the plots in the mature sites
showed them to be fairly uniform, with moderate infec-
tiveness in the Wilson Prairie plots and high infective-
ness in the Hueston Woods plots (Fig. 6). Thus, we ob-
served the greatest spatial structure in AM infective-
ness in the soybean field and pseudo-stripmine site, and
the least in the mature prairie and forest sites.

The pattern for ECM infectiveness differed marked-
ly from the AM pattern. Semivariance analysis pro-
duced significant (r260.200) semivariograms with a de-
tectable sill for only nine of the 18 plots sampled, in-
cluding all three in the soybean field, two in each of the
old fields, and none in Hueston Woods (Table 1). In
the two disturbed sites, spatial structure accounted for
33.3–50.5% of the total variance in ECM infectiveness
among samples within a plot, and the kriged maps gen-
erated from the semivariograms showed small, distinct
patches of moderate ECM infectiveness surrounded by
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Table 1 Semivariance analysis of spatial structure in arbuscular
mycorrhizal (AM) and ectomycorrhizal (ECM) infectiveness of
soil in six sites in southwestern Ohio (Np96 for each site). Struc-

tural variance is expressed as the proportion of structural c nug-
get variance represented by structure, and range is the lag dis-
tance at which the semivariogram asymptotes to the sill

Site Plot Nugget
variance
(C0)

Total model
variance
(CcC0)

Structural
variance
C/(CcC0)

Model
form

Model
fit
r2

Range
(cm)

AM infectiveness
Pseudo-
stripmine

1
2
3
Mean

3.82
1.98
3.64

7.83
3.14
9.65

0.512
0.369
0.623
0.501

Gaussian
Spherical
Gaussian

0.879
0.157
0.578

646
268

1127

Soybean
field

1
2
3
Mean

4.09
2.23
2.37

9.92
3.23
4.06

0.588
0.310
0.416
0.438

Linear/sill
Linear/sill
Exponential

0.485
0.315
0.367

647
100
212

Five-year-old
field

1
2
3
Mean

2.07
2.91
1.79

3.11
4.66
3.83

0.334
0.376
0.533
0.414

Linear/sill
Linear/sill
Linear/sill

0.787
0.623
0.666

212
445
158

Ten-year-old
field

1
2
3
Mean

3.26
2.94
2.52

5.16
`2.94

3.79

0.328
0.000
0.335
0.221

Exponential
Linear
Spherical

0.161
0.498
0.136

212
`707

212

Prairie 1
2
3
Mean

1.70
2.72
2.42

5.71
`2.72

3.72

0.703
0.000
0.353
0.352

Gaussian
Linear
Gaussian

0.788
0.310
0.558

1069
`707

521

Hueston
Woods

1
2
3
Mean

2.27
3.01
3.06

3.77
3.02
3.55

0.398
0.003
0.138
0.179

Spherical
Exponential
Linear/sill

0.186
0.186
0.444

212
30

349

ECM infectiveness
Pseudo-
stripmine

1
2
3
Mean

5584
3560

15450

11190
7233

31430

0.501
0.508
0.508
0.506

Linear/sill
Exponential
Exponential

0.024
0.592
0.152

212
393

1799

Soybean
field

1
2
3
Mean

7305
10140
17100

10960
15220
29630

0.333
0.334
0.423
0.363

Spherical
Spherical
Linear/sill

0.454
0.361
0.210

212
212
158

Five-year-old
field

1
2
3
Mean

7260
35710
31100

13000
65290
45480

0.442
0.453
0.316
0.404

Exponential
Exponential
Linear/sill

0.215
0.414
0.135

212
212
157

Ten-year-old
field

1
2
3
Mean

20830
23020
37300

27570
38620
43290

0.244
0.404
0.138
0.262

Linear/sill
Exponential
Gaussian

0.566
0.436
0.024

641
212
250

Prairie 1
2
3
Mean

26400
34800
23900

47980
`34800

35850

0.450
0.000
0.333
0.261

Linear/sill
Linear
Spherical

0.139
0.248
0.352

157
nd
212

Hueston
Woods

1
2
3
Mean

41900
36400
39220

41920
50950
40510

0.001
0.286
0.032
0.106

Linear
Exponential
Linear

0.389
0.069
0.293

nd
773
nd

large areas without ECM inoculum (Fig. 7). As was the
case for AM infectiveness, the range of spatial variation
in ECM infectiveness in the soybean plots (158–212
cm) was correlated well with the plowing pattern,
whereas in the pseudo-stripmine site the range of spa-

tial variation varied almost tenfold among the three
plots (Table 1). In only one of the six plots in these two
sites (soybean no. 3) did areas with moderate infectivity
cover 625% of the plot area. Seeds of ECM-depend-
ent plants entering these two study areas stood a con-



84

Fig. 4 Arbuscular mycorrhizal infectiveness of soil, as measured
by the percent of root length infected in Panicum virgatum bioas-
says, in 5!5 m study plots in a pseudo-stripmine and active soy-
bean field in southwestern Ohio. The maps were generated by
kriging from 32 sample points using the best-fit semivariogram.
Tick marks on the axes indicate 50-cm intervals

siderable chance of not encountering ECM inoculum in
the volume of soil into which their roots could initially
grow.

In the 5- and 10-year-old successional sites, spatial
structure accounted for 13.8–45.3% of total variance
among samples within a plot (Table 1). Overall, the
proportion of total ECM infectiveness model variance
attributable to spatial structure in the 5-year-old was
similar to the mean for the six disturbed plots. Howev-
er, the proportion of spatial variance in ECM infective-
ness in the plots in the 10-year-old field was approxi-
mately 35% lower than that of the 5-year-old field and
41% lower than the mean for the two disturbed sites.
The kriged plots for the successional sites (Fig. 8)
showed an intermixing of areas of low, intermediate,

and high ECM infectiveness, particularly in plot 2 in
each site (Fig. 8). Although the areas of low ECM in-
fectiveness were smaller and more isolated than in the
disturbed plots, there were still distinct patches without
significant ECM inoculum in the successional sites.

As was the case for the overall level of ECM infec-
tiveness, the spatial dependency and pattern of ECM
infectivity in the Wilson Prairie were similar to those of
the two successional sites (Table 1 and Fig. 9). In con-
trast, semivariance analysis detected little spatial struc-
ture in ECM infectiveness in soils from Hueston Woods
within the range that could be detected by our sampling
design (Table 1). Most of the area within the kriged
plots in Hueston Woods had moderate-to-high ECM
infectivity, and the kriged plots in the mature forest
showed the soils in this site to be virtually an unbroken
matrix of high ECM infectiveness (Fig. 9).

To express the combined spatial and successional
variations in AM and ECM infectiveness from the per-
spective of colonizing seedlings, we classified each of
our 576 sample points into “unsuitability classes” based
on which types of mycorrhizal infectiveness they
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Fig. 5 Arbuscular mycorrhizal infectiveness of soil in 5- and 10-
year-old fields in southwestern Ohio. Format follows Fig. 4

lacked. The frequency of sites unsuitable for the estab-
lishment and growth of ECM-dependent species (i.e.
sample points without ECM infectiveness but with sig-
nificant AM infectiveness) decreased from 57–67% of
sample points in the two disturbed sites to ~20% in the
10-year-old field and prairie, and to 3% in the Hueston
Woods plots (Table 2). In contrast, the frequency of
sample points unsuitable for establishment and growth
of AM-dependent species (i.e. sample points with no
AM infectivity but significant ECM infectivity) ranged
from 0–6% and did not vary consistently with time
since last disturbance. In five of the six study areas
there was a single sample point in which both AM and
ECM infectivity were lacking.

Discussion

Our bioassays of mycorrhizal infectiveness confirmed
that conventional row crop agriculture reduced AM in-

fectiveness of soils relative to the levels in an undis-
turbed forest, a result consistent with others from a va-
riety of temperate ecosystems (review by Douds 1994).
Excluding for the moment the pseudo-stripmine site,
there was no indication from our chronosequence that
predisturbance levels of AM infectiveness would be
reestablished during the first 25–30 years of succession
following abandonment from agriculture (i.e. up
through the age of the Wilson Prairie since conversion
from agriculture to grassland vegetation), despite domi-
nance of the two successional sites and the Wilson
Prairie by perennial, AM-dependent plants. Waalend
and Allen (1987) reported a similar pattern in a cold
desert ecosystem: no differences in mycorrhizal activity
in sites of 1–30 years since disturbance, but levels con-
sistently lower than those found in mature areas.

ECM infectiveness of the active soybean field was
reduced by agricultural practices to an even greater ex-
tent than was the AM infectivity. The soils from almost
half of the points we sampled in the soybean field failed
to produce ECM infections on pitch pine seedlings, and
those seedlings that did acquire some ECM infection
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Fig. 6 Arbuscular mycorrhizal infectiveness of soil in the Wilson
Prairie and Hueston Woods in southwestern Ohio. Format fol-
lows Fig. 4

were very sparsely colonized. ECM infectiveness and
diversity increased steadily through our chronose-
quence, and this result was consistent with similar stud-
ies in birch plantations in the UK (Deacon and Fleming
1992). In contrast to what we observed for AM infectiv-
ity, our ECM data suggest that predisturbance levels of
ECM infectiveness could be reestablished in 25–30
years after abandonment of agriculture.

ECM infectiveness was also reduced by the removal
of the surface soil and subsequent leveling and compac-
tion of our pseudo-stripmine site, but AM infectiveness
was not reduced significantly. It was not surprising to us
that some AM infectiveness remained in this site, be-
cause previous studies of mining practices (e.g. Bondini
et al. 1985) have shown that removing the vegetation
and the top 30 cm of soil in preparation for mining re-
duces but does not eliminate AM infectiveness.

Three factors may have contributed to the greater
disruption in the ECM infectiveness of the site. First,
there may have been relatively little ECM infectiveness
present prior to surface soil removal. The pseudo-strip-
mine site had been farmed until approximately 6
months prior to treatment, and may have had low and
patchy ECM infectiveness similar to that observed in
the active soybean field. Second, the vertical distribu-
tion of ECM and AM inocula in the soil profile may
have differed prior to disturbance such that the remov-
al of the surface soil affected ECM fungi that were lo-
calized in the surface soils. Finally, differences in dis-
persal into the pseudo-stripmine during the two grow-
ing seasons after the initial disturbance may have pro-
duced or augmented these differences. Winter erosion
of surface soil from neighboring farm fields is common
in this region, and both wind erosion (Warner et al.
1987) and water erosion (Friese 1984) can be effective
dispersal mechanisms for AM fungi. In contrast, wind
velocities near the forest floor of nearby forest patches
may not be sufficient for significant long-distance dis-
persal of spores of epigeous ECM fungi, leaving disper-
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Fig. 7 Ectomycorrhizal infectiveness of soil, as measured by the
number of infected root tips per seedling in Pinus rigida bioas-
says, in 5!5 m study plots in a pseudo-stripmine and active soy-
bean field in southwestern Ohio. The maps were generated by
kriging from 32 sample points using the best-fit semivariogram.
Tick marks on the axes indicate 50-cm intervals

sal by rodents as the primary mode of transport of
ECM inoculum to the pseudo-stripmine site (cf. Maser
et al. 1978). The high degree of spatial heterogeneity in
ECM infectiveness in both the soybean field and the
pseudo-stripmine site are also consistent with the no-
tion that inoculum was brought into those sites in dis-
crete bundles of high infectiveness potential, such as
sporocarps in faeces.

In addition to the significant effect of row crop agri-
cultural practices on the mean level of AM infectivity,
this chronic source of disturbance produced an increase
in spatial heterogeneity and structure in AM infective-
ness. In both the active soybean field and the pseudo-
stripmine, we were we able to resolve significant spatial
structure in AM infectiveness within the range limits of

our sampling design. Thus, for a newly germinated
seedling, the lag time prior to the initial establishment
of an AM infection and the rate at which that infection
developed may have differed as a function of both the
differences in mean infectiveness (Wilson and Tomme-
rup 1992), and the likelihood that a germinating seed-
ling would encounter AM inoculum in the volume of
soil its root could explore. Furthermore, the actual spa-
tial distribution of AM fungal spores (Anderson et al.
1983; Friese 1984; Sylvia 1986; St. John and Koske
1988) and AM hyphae (Allen and MacMahon 1985)
may well have been strongly aggregated or clumped at
spatial scales below what could be resolved by our sam-
pling design, and this may have been reflected in the
large nugget variances in the semivariance analyses of
AM infectivity.

There were also indications of a high degree of spa-
tial structure in ECM infectiveness in the recently dis-
turbed sites. Approximately half of the variance in
ECM infectiveness among samples within plots in the
soybean field and the pseudo-stripmine was related to
the spatial position of those samples relative to each
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Fig. 8 Ectomycorrhizal infectiveness of soil in 5- and 10-year-old
fields in southwestern Ohio. Format follows Fig. 7

other. In these recently disturbed sites, the probability
of a germinating seedling of an ECM dependent species
failing to encounter ECM inoculum approached 50%.
Furthermore, the kriged maps of ECM infectivity for
those two sites show clearly the presence of discrete
patches of high ECM infectivity within a matrix devoid
of ECM infectivity and, therefore, unsuitable for the es-
tablishment of ECM-dependent plants. As suggested
earlier, this spatial pattern of ECM infectivity is consis-
tent with the suggestion that dispersal of ECM sporo-
carps by animals is the primary means by which ECM
infectiveness is established following disturbance.

The kriged maps of ECM infectiveness for the two
successional fields suggest that the probability of suc-
cessful entry of ECM-dependent species into this suc-
cessional sequence increases greatly during the first 5–
10 years of succession, and by 25–30 years after aban-
donment the network of hyphae and spores is such that

the probability of a seedling of an ECM-dependent spe-
cies not encountering inoculum approaches zero. Final-
ly, our analysis of both the AM and ECM infectiveness
of the soils of Hueston Woods supports the view ex-
pressed by Read et al. (1985) for ECM and Janos
(1992) for AM that inoculum is ubiquitous in mature,
undisturbed vegetation in mesic climates.

Classifying the suitability of our 576 sample points
for various groups of plants by the types of mycorrhizal
inoculum present produces some interesting parallels
with studies of the vegetation dynamics in this succes-
sional chronosequence. We found the great majority of
sample points to be suitable for colonization by AM-
dependent plants, and such species do dominate the
early successional dynamics of the area (Vankat and
Carson 1991). We also found that sites lacking both
AM and ECM infectiveness, and therefore perhaps the
most suitable for dominance by nonmycotrophs, re-
mained present at low frequency through at least the
first 25–30 years of secondary succession. Consistent
with this, studies of the vegetation dynamics of these
and neighboring field plots in southwestern Ohio have
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demonstrated that nonmycotrophs do remain common,
although not abundant, in this area through at least the
first 50 years of secondary succession (Vankat and Car-
son 1991).

Finally, sites with significant ECM infectiveness,
which are therefore suitable for the successful estab-
lishment of ECM-dependent species such as oaks
(Quercus spp.), beech (Fagus grandifolia), and pines
(Pinus spp.), are relatively less abundant in the first
years after disturbance, but become more abundant
during the first decade following abandonment. Our
own field observations and earlier surveys of this
chronosequence (Vankat and Carson 1991) suggest,
however, that establishment of these ECM-dependent
species after abandonment of agriculture is sporadic
and concentrated near forest-field margins. Thus, the
stochastic nature of seed dispersal and the competitive
interactions between seedlings of ECM species and es-
tablished individuals of AM-dependent and nonmyco-

trophic species may interact with the patchy nature of
ECM infectiveness to regulate the rate and spatial pat-
tern of establishment of ECM-dependent species in this
area. In other forested ecosystems, establishment of ar-
butoid mycorrhizal species after disturbance may serve
as a mechanism for the maintenance of ECM infective-
ness until the propagules of ECM-dependent species
can reach the site in significant numbers (Molina and
Trappe 1982; Molina et al. 1992). Unfortunately, the
absence of arbutoid mycorrhizal species among the
suite of colonizing species renders this mechanism
moot in our study area. Thus, while heavy colonization
by AM-dependent plants immediately following aban-
donment can be effective in helping the AM infective-
ness to be maintained or even proliferated, the lack of
early establishment of ECM-dependent species may ac-
tually retard the development of the heavily ECM, late
successional vegetation (West et al. 1981; Allen 1991).

Given the wide range in mycotrophy of the plants in
this region, the high volume of effective precipitation
and the moderate nutrient levels of the soils, the model
of Allen and Allen (1990) predicts that mycorrhizae
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Table 2 Unsuitability of the soils at 96 sample points in each of
six sites in southwestern Ohio fore establishment and growth spe-
cies with different mycorrhizal requirements. Soils without AM or
ECM infectivity are listed as unsuitable for AM- or ECM-de-
pendent plant species, respectively, and soils without AM and
ECM infectivity are indicated as unsuitable for both groups of
plants

Site No. of sites (total np96)
unsuitable for colonization by

AM-
dependent
species

ECM-
dependent
species

Both AM-
and ECM-
dependent
species

Pseudo-stripmine
Soybean field
Five-year-old field
Ten-year-old field
Wilson Prairie
Hueston Woods

2
6
0
2
5
0

64
55
30
17
12
3

1
1
1
1
1
0

play an important role in regulating succession in our
study sites. The results of this study emphasize the need
for experiments designed to evaluate such mycorrhizal
regulation of succession to explicitly consider both tem-
poral changes in the mean levels of mycorrhizal infec-
tivity of soil and the spatial structure and heterogeneity
of that infectivity.

Acknowledgements We thank A. J. Scherzer and J. A. Brinkman
for field, greenhouse, and laboratory assistance, S. J. Morris for
editorial assistance, and G. W. Barrett for allowing us access to
the facilities of the Miami University Ecology Research Center.

References

Allen EB, Allen MF (1990) The mediation of competition by my-
corrhizae in successional and patchy environments. In: Grace
JB, Tilman GD (eds) Perspectives on plant competition. Aca-
demic Press, New York, pp 367–389

Allen MF (1991) The ecology of mycorrhizae. Cambridge Univer-
sity Press, Cambridge, UK

Allen MF, MacMahon JA (1985) Importance of disturbance on
cold desert fungi: comparative microscale dispersion patterns.
Pedobiologia 28 :215–224

Anderson RC, Liberta AE, Dickman LA, Katz JA (1983) Spatial
variation in vesicular-arbuscular mycorrhiza spore density.
Bull Torrey Bot Club 110 :519–525

Boerner REJ (1992) Plant life span and response to inoculation
with vesicular-arbuscular mycorrhizal fungi. I. Annual versus
perennial grasses. Mycorrhiza 1 :153–161

Bondini ME, Bonham CD, Redente EF (1985) Secondary succes-
sional patterns in a sagebrush (Artemesia tridentata) commu-
nity as they relate to soil disturbance and soil biological activ-
ity. Vegetatio 60 :25–36

Deacon JW, Fleming LV (1992) Interaction of ectomycorrhizal
fungi. In: Allen MF (ed) Mycorrhizal functioning. Chapman &
Hall, New York, pp 249–300

Douds DD Jr (1994) Effects of agricultural practices upon my-
corrhizal fungi. Mycorrhiza News 6 :1–5

Friese CF (1984) The distribution of VAM fungi in a sand dune.
MS thesis, University of Rhode Island, Kingston

Giovanetti M, Mosse B (1980) An evaluation of techniques for
measuring vesicular arbuscular mycorrhizal infection in roots.
New Phytol 84 :489–500

Janos DP (1980) Mycorrhizae influence tropical succession. Bio-
tropica 12 :56–64

Janos DP (1984) Methods for vesicular-arbuscular mycorrhiza re-
search in the lowland wet tropics. In: Medina E, Mooney HA,
Vasquez-Yanes C (eds) Physiological ecology of plants of the
wet tropics. Junk, The Hague, pp 173–187

Janos DP (1992) Heterogeneity and scale in tropical vesicular-
arbuscular mycorrhiza formation. In: Read DJ, Lewis DH, Fit-
ter AH, Alexander IJ (eds) Mycorrhizas in ecosystems. CAB
International, Wallingford, UK pp 276–282

Lerch HK, Davis PE, Tornes LA, Hayhurst EN, McLoda NA
(1969) Soil survey of Preble County, Ohio. USDA Soil Con-
servation Service, US Government Printing Office, Washing-
ton, DC

Lerch HI, Hale WF, Lemaster DD (1980) Soil survey of Noble
County, Ohio. USDA Soil Conservation Service, US Govern-
ment Printing Office, Washington, DC

Maser C, Trappe JM, Nussbaum RA (1978) Fungal-small mam-
mal interrelationships with emphasis on Oregon forests. Eco-
logy 59 :799–809

Molina R, Trappe JM (1982) Lack of mycorrhizal specificity in
the ericaceous hosts Arbutus menziesii and Arctostaphylos
uva-ursi. New Phytol 90 :495–509

Molina R, Massicotte H, Trappe JM (1992) Specificity phenom-
ena in mycorrhizal symbiosis: community-ecological conse-
quences and practical implications. In: Allen MF (ed) Mycor-
rhizal functioning. Chapman & Hall, New York, pp 357–423

Phillips JM, Hayman DS (1970) Improved procedures for clearing
roots and staining parasitic and arbuscular mycorrhizal fungi
for rapid assessment of infection. Trans Br Mycol Soc 55 :158–
161

Pickett STA, White PS (1985) The ecology of natural disturbance
and patch dynamics. Academic Press, New York

Read DJ, Francis R, Finlay RD (1985) Mycorrhizal mycelia and
nutrient cycling in plant communities. In: Fitter AH (ed) Eco-
logical interactions in soil. Blackwell, Oxford, UK, pp 193–
217

Robertson GP (1987) Geostatistics in ecology: interpolating with
known variance. Ecology 68 :744–748

Robertson GP, Freckman DW (1995) The spatial distribution of
nematode trophic groups across a cultivated ecosystem. Eco-
logy 76 :1425–1432

Runkle JR, Vankat JL, Snyder GW (1984) Vegetation and the
role of treefall gaps in Hueston Woods State Nature Preserve.
In: Willeke GE (ed) Hueston Woods State Park and Nature
Preserve, Proceedings of a Symposium. Miami University
Press, Oxford, Ohio, pp 1–21

SAS (1985) Statistical analysis system user’s guide: statistics, 1985
edn. SAS Institute, Cary, NC

Smith GS, Johnson CM, Cornforth IS (1983) Comparison of nu-
trient solutions for growth of plants in sand culture. New Phy-
tol 94 :537–548

St. John TV, Koske RE (1988) Statistical treatment of VAM in-
fection data. Plant Soil 73 :307–313

Sylvia DM (1986) Spatial and temporal distribution of vesicular-
arbuscular mycorrhizal fungi associated with Uniola panicula-
ta Florida foredunes. Mycologia 78 :728–734

Vankat JL, Carson WP (1991) Floristics of a chronosequence cor-
responding to old field-deciduous forest succession in south-
western Ohio. III. Post-disturbance vegetation. Bull Torrey
Bot Club 118 :385–391

Waaland ME, Allen EB (1987) Relationships between VA my-
corrhizal fungi and plant cover following surface mining in
Wyoming. J Range Manag 40 :271–276

Warner NJ, Allen MF, MacMahon JA (1987) Dispersal agents of
vesicular-arbuscular mycorrhizal fungi in a disturbed arid eco-
system. Mycologia 79 :721–730

West DC, Shugart HH, Botkin DB (1981) Forest succession: con-
cepts and application. Springer, New York Berlin Heidelberg

Wilson JM, Tommerup IC (1992) Interactions between fungal
symbionts: VA mycorrhizae. In Allen MF (ed) Mycorrhizal
functioning. Chapman & Hall, New York, pp 199–248


