






ple, Cenococcum sp. was detected in approximately 19% of soil
cores in June but only 9% of cores in September and repre-
sented only 2% of the community proportional abundance
during both times. In contrast, Boletus species 4 increased in
frequency from approximately 6% to 11% from June to Sep-
tember, and the proportional abundance increased from 1.5 to
3%. Species within the same genera also behaved differently
over time. Russula species 4 declined in frequency from June to
September (15 to 6%), while other Russula species remained
constant or increased in frequency. The overall fungal commu-
nities differed significantly between June and September based
on MRPP analysis (agreement statistic [A] � 0.09; P 	 0.001).

Correlations between fungal communities and environmen-
tal parameters. NMS analysis of all collected samples (June
and September combined) determined that the first dimension
of the ordination was significantly correlated with the coverage
of herbaceous plants, while the second and third dimensions of
the ordination were significantly correlated with the soil envi-
ronment, with negative correlations between community struc-
ture and soil moisture and soil N and positive correlations with
soil Po (Table 3). The cumulative variance for all three dimen-
sions of the ordination was r2 � 0.489. The first dimension of
the June fungal ordination was not significantly correlated with
environmental metrics (Fig. 3; Table 3). The second dimension

FIG. 1. Frequencies of root-colonizing fungi encountered within a mature beech-maple forest. The frequency is expressed as the number of
cores in which the species type was observed (out of 60). Black bars represent ericoidlike mycorrhizal fungi, gray bars represent fungi of unknown
habit, and white bars represent ECM fungi. The genus Tomentella is denoted by hatched bars and the genus Russula by stippled bars. UnID,
unidentified.

TABLE 2. Relationships between fungal richness, diversity, and environmental variables, determined using Pearson correlationa

Parameter

Pearson correlation coefficient

H� Soil pH Soil N Soil C C/N Pi Po % Moisture
Total

herbaceous-
plant cover

Fungal richness 0.909 �0.0359 �0.0445 �0.0553 �0.0986 �0.195 0.106 �0.0371 �0.0656
H� �0.0169 �0.0171 �0.0319 �0.093 �0.105 0.138 0.0149 �0.0574

a Variables with positive values tend to increase together; where correlations are negative, one variable tends to increase while the other decreases. Only Pi was
significantly correlated (P � 0.04), with fungal richness (shown in bold). Correlations were also performed with the distance of the core to beech and maple of various
size classes and with the percent cover of specific herbaceous species. No significant correlations were found for these environmental variables (data not shown).
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was significantly positively correlated with the distance of the
core from beech trees between 10- and 30-cm dbh and signif-
icantly negatively correlated with coverage by Erythronium.
The third dimension of the June ordination was significantly
negatively correlated with soil pH, moisture content, and soil C
and N (Fig. 3; Table 3). Root fungal communities in June were
also influenced by the transect location (MRPP analysis, P 	
0.001). Samples along transect 1 had fungal communities more
similar to each other than to samples from transects 2 and 3.
Analysis of variance performed on ranks suggested that the
genus Amanita, an uncultured mycorrhizal fungus (UMF1),
and the genus Meliniomyces were significantly more abun-
dant on transect 1, while the genus Russula was significantly
more abundant on transect 2 (data not shown). Unlike June
ordinations, the first dimension of the September ordination
was significantly correlated with Po, the total percent cover
of herbaceous plants, and specifically the percent cover of A.
tricoccum, as well as the distance to beech trees of �60-cm
dbh (Fig. 4; Table 3). The second dimension of the Septem-
ber ordination was strongly negatively correlated with the
distance to beech trees between 30- and 60-cm dbh, while
the third dimension was positively correlated with soil C,
C/N ratio, and the smallest beech diameter class (Fig. 4;
Table 3). Both the June and September ordinations suggest
a separation between many ECM genera and nonmycorrhi-
zal genera. The genera Cenococcum, Piloderma, Russula,

and Tomentella tended to cluster together and were more
likely than other ECM fungal genera and nonmycorrhizal
genera to be positively correlated with many of the environ-
mental metrics. The genus Russula in particular seemed
positively correlated with herbaceous plants during the Sep-
tember sampling (Fig. 4).

The ordinations suggested that positive correlations existed
between some ECM fungal genera. For example, the genera
Russula and Piloderma always appeared near each other in
ordination space (Fig. 3 and 4). Pearson correlations for fungal
genera found some significant positive and negative correla-
tions among ECM genera (Table 4). Russula was significantly
positively correlated with Piloderma and significantly nega-
tively correlated with Tomentella. Tomentella was significantly
negatively correlated with Amanita, Meliniomyces, and Russula.
Cenococcum also shared ordination space with both Russula
and Piloderma; however, Pearson correlations for all data
found positive associations between Cenococcum and only Hy-
phodiscus and a dark septate endophyte (DSE19). A separate
analysis of the June data determined significant correlations
between Russula and Cenococcum (r � 0.44; P � 0.001) and
between Russula and Piloderma (r � 0.35; P � 0.011), but these
relationships were not apparent for September samples (data
not shown), suggesting that these fungi may have similar envi-
ronmental preferences but do not necessarily associate with
one another.

FIG. 2. Relative levels of abundance of root-colonizing fungi encountered within a mature beech-maple forest. The bars represent the relative
levels of abundance (percent) of fungal types averaged across all cores (n � 60), as determined by TRFLP analysis. Peak area is used as a proxy
measure of abundance in this study. Black bars represent ericoidlike mycorrhizal fungi, gray bars represent fungi of unknown habit, and white bars
represent ECM fungi. The genus Tomentella is denoted by hatched bars and the genus Russula by stippled bars. UnID, unidentified.
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DISCUSSION

Effect of vegetation on root-associated fungi. We found ev-
idence to support our prediction that the distributions of both
host trees and nonhost herbaceous plants would have an effect
on the distribution and community structure of root-associated
fungi. Our analysis indicates that plant distribution was, in fact,
strongly correlated with root-associated fungi in our forest and
that both trees and herbaceous plants could affect tree root
fungal communities. Although the distance from the soil core
to beech trees of certain diameter classes did appear to affect
the community structure of root-associated fungi, fungal rich-
ness and diversity were unaffected. This is in agreement with a
previous study, where ECM morphotype diversity was lower in
soil collected near isolated trees than in soil from trees growing
in groups, but diversity was not affected by tree diameter (64).
In a loblolly pine plantation, the distance of the soil core to the
tree bole did not affect ECM diversity or richness; however, the
distribution of some fungal taxa was affected (11). Changes in
community structure, without alteration of species richness or
diversity, may reflect different colonization strategies and re-
source requirements of ECM fungi.

In our study, the presence and abundance of the genera
Cenococcum, Piloderma, and Tomentella appeared strongly
correlated with distance to beech trees in both June and Sep-
tember, whereas Boletus was strongly correlated with distance
only in June. These changes in community structure could
reflect differences in below-ground root density and resource
availability nearest the tree bole or differences in tree age. The
distance to adjoining trees can affect sporocarp production,
especially in plantations (42, 49), and root system age, class,
and development can affect ECM fungal colonization (30).
Fungi may possess different strategies, with root age and
resource availability affecting the ability of some fungi to
successfully colonize roots (45, 60). Differences in root den-

sity and turnover among trees of different sizes might influ-
ence fungal colonization, but tree size might be related to
differences in plant physiology that could also affect root
fungal communities. Larger and older canopy trees may
have different carbon acquisition and whole-tree carbon al-
location strategies (54), and tree size and canopy structure
could affect stem flow following storm events, thereby alter-
ing soil physiochemical conditions (e.g., soil N and mois-
ture) closest to the tree (23). Examining the different effects
of root system structure and tree size on root-associated
fungi will require further study.

We observed a strong correlation between the community
structure of root fungi and the coverage of spring ephemeral
plants. Surprisingly, the strongest correlation between herba-
ceous plants and root fungi occurred during the September
sampling, several months after the senescence of these herba-
ceous plants. The genus Russula appeared most strongly cor-
related with the coverage of herbaceous plants, especially Al-
lium, during the September sampling, but the cause of these
correlations is uncertain. Russula has been reported as an
associate of mycoheterotrophic plants in previous studies (5,
69, 70); however, mycoheterotrophic plants are not present
along the transects, and these herbaceous communities are
generally dominated by Allium. The genus Russula is capable
of producing extracellular enzymes that can degrade organic
matter in litter and soil (1). Therefore, it is possible that the
strong correlation between the genus Russula and areas that
contained actively growing herbaceous plants 4 months earlier
is a response to the presence of a litter/resource pulse coming
from the senescence and fall of herbaceous litter in some forest
patches. Herbaceous plants can contribute as much as 16% of
total forest litter fall on an annual basis (31), and this could
create temporary and spatially patchy nutrient hot spots within
soil that some ECM fungi exploit. The exact relationship be-

TABLE 3. Relationships between soil environmental and vegetation variables and NMS dimensions, determined using Pearson correlationa

Parameter

Pearson correlation coefficient

All samples June samples September samples

Dim1 Dim2 Dim3 Dim1 Dim2 Dim3 Dim1 Dim2 Dim3

Soil pH 0.09 0.05 0.07 0.08 �0.23 �0.32 �0.02 �0.02 �0.17
Soil N 0.16 �0.20 0.02 0.02 �0.01 �0.26 0.06 0.11 0.24
Soil C 0.17 �0.19 0.02 0.08 �0.01 �0.25 0.09 0.07 0.25
C/N 0.18 �0.12 �0.04 0.24 0.11 �0.09 0.20 0.18 0.27
Labile Pi 0.14 0.14 0.16 0.12 0.01 �0.19 0.02 0.15 0.10
Labile Po 0.14 0.30 0.44 �0.12 0.03 0.06 0.43 �0.18 �0.03
% Moisture 0.18 �0.24 �0.02 0.03 �0.12 �0.39 0.09 0.11 0.20
Fagus 10- to 30-cm dbh 0.16 �0.06 0.04 0.15 0.35 �0.05 �0.10 0.16 0.27
Fagus 30- to 60-cm dbh �0.12 0.11 0.08 �0.01 0.08 �0.08 0.19 �0.36 �0.12
Fagus �60-cm dbh �0.11 �0.09 0.11 �0.10 0.08 0.13 0.25 0.01 0.12
Acer 10- to 30-cm dbh �0.01 0.02 0.03 �0.16 0.06 0.04 �0.24 0.11 0.04
Acer 30- to 60-cm dbh 0.12 �0.05 0.11 0.02 0.05 �0.06 �0.23 0.16 0.20
Acer �60-cm dbh 0.06 0.01 �0.03 �0.12 �0.15 0.01 �0.04 �0.02 0.18
Allium 0.23 �0.07 0.09 �0.10 0.20 0.13 0.30 �0.01 �0.08
Dicentra �0.10 �0.15 0.05 �0.03 �0.01 �0.10 0.14 0.24 �0.16
Erythronium 0.11 �0.04 �0.05 �0.02 �0.28 �0.03 �0.08 0.15 0.14
Maianthemum 0.01 �0.02 �0.04 0.09 0.09 �0.03 �0.02 0.22 �0.05
Total herbaceous-plant cover �0.23 �0.14 0.09 �0.09 0.13 0.04 0.30 0.15 �0.14

a Significance of correlations was determined using the critical values for correlation coefficients (71). For all samples (n � 120), P was 	0.05 for an r of �0.20; for
June and September samples (n � 60), P was 	0.05 for an r of �0.25 (two-tailed test). Significant correlations are shown in bold. Dim1, first dimension; Dim2, second
dimension; Dim3, third dimension.
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tween herbaceous plants and fungi associated with tree roots
requires further study.

Effect of soil environment on root-associated fungi. In this
mature forest, we found that root-associated fungi responded
to soil environmental conditions and that these relationships
changed between the June and September samplings. Soil
chemistry changes between June and September may reflect
decompositional losses and seasonal turnover of litter that
would result in increases in soil C and N contents in the top
organic layer. In June, fungal communities were significantly
correlated with soil pH, soil moisture, and soil C and N at fine
spatial scales, while in September, fungal communities were
significantly correlated with labile Po, soil C, and C/N ratio.
Soil water availability can affect mycorrhizae on beech (36, 59),
and this could be an important factor controlling fungi during
early summer. A substantial body of evidence suggests that soil
N can significantly alter and affect the distribution and com-
munity structure of ECM fungi (3, 11, 24, 47, 53). Although C
and N were significantly correlated with fungal community
structure in June and C was significantly correlated with root
fungi in September, the correlations were not strong. We re-
stricted our analysis to the top 5 cm of soil, containing �90%
of all root tips (data not shown). Thus, we were unable to
analyze differences in fungal communities based on vertical

separation in soil or between mineral and organic soil. Niche
differentiation with respect to organic matter content and ver-
tical distribution in soil has been shown previously (7, 20, 32,
41, 62), and it is possible that different fungal communities may
exist on roots near the soil surface and 5 cm below. By com-
bining all roots within a 5-cm core into one analysis, we could
have obscured some environmental relationships and failed to
detect a stronger relationship between C and N and root fungi.

September root-associated fungal communities were signif-
icantly correlated with labile Po, and the richness of root-
associated fungal communities was also negatively correlated
with concentrations of labile Pi, indicating that fungal diversity
declines as soil Pi levels increase. Plant P deficiency can in-
crease carbon allocation to roots (27) and has also been found
to increase the production of ECM extraradical hyphae (25,
67). In a study of an old-growth stand of Douglas fir, some
ECM morphotypes were significantly correlated with soil ex-
tractable P (32). Soil P is often not considered to be limiting in
forest systems or an important factor affecting ECM commu-
nities (60); however, forests that experience low soil pH (pH of
	5.5) and high exchangeable aluminum concentrations can
experience a reduced availability of P (66), and this could affect
root and ECM fungal communities. Fungi that were positively
correlated with Po in late summer included the genera Russula,

FIG. 3. NMS ordination based on relative abundance of identified root fungal genera, with joint plots of the most important environmental
variables for early-summer (June) sampling. The joint-plot vector lengths indicate the strength and direction of the strongest correlations. The
proportion of variance explained by axes 2 and 3 is shown. The cumulative variance was r2 � 0.780. See Table 3 for correlations with all
environmental variables. The vectors for soil C and N are in the same approximate positions, so only one vector is shown for illustration.

VOL. 75, 2009 SPATIAL DISTRIBUTION OF ROOT-ASSOCIATED FUNGI 7645

 on M
ay 17, 2021 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


Cenococcum, and Piloderma, whereas the genera Amanita, En-
toloma, and Boletus were negatively correlated with Po. One of
the most abundant genera in this study, Tomentella, did not
appear to be positively or negatively correlated with Po. Al-
though labile Pi was rather high in our study and labile Po is

available to plants only after mineralization to Pi (6), different
ECM species may have different abilities to capture Pi (15, 21)
and many ECM fungi also vary in their abilities to produce
extracellular enzymes that liberate nutrients, such as N and P,
from organic matter and detritus (7, 8, 16, 60). Differences in

FIG. 4. NMS ordination based on relative abundance of identified root fungal genera, with joint plots of the most important environmental
variables for late-summer (September) sampling. The joint-plot vector lengths indicate the strength and direction of the strongest correlations. The
proportion of variance explained by axes 1 and 2 is shown. The cumulative variance was r2 � 0.813. See Table 3 for correlations with all
environmental variables. The vectors for beech trees of �60-cm dbh and Allium are in the same approximate positions, so only one vector is shown
for illustration. UnID, unidentified.

TABLE 4. Relationships among root fungal genera, determined using Pearson correlationa

Organism
Pearson correlation coefficient

Aman. Bole. Ceno. Hyph. Hyme. Pilo. Russ. Tome. Ericoid DSE19 Kueh. UMF1

Amanita �0.06 �0.03 �0.13 0.17 �0.07 �0.03 �0.21** 0.04 �0.03 0.11 0.36
Boletus �0.05 �0.02 �0.20** �0.05 �0.12 �0.12 �0.08 �0.04 �0.06 0.05
Cenococcum 0.23** �0.09 �0.05 0.05 �0.11 �0.06 0.21** �0.04 �0.07
Hyphodiscus �0.20** �0.01 0.12 �0.05 �0.09 �0.03 0.07 �0.15
Hymenocyphus �0.16 �0.14 �0.21** 0.18* �0.05 0.02 0.04
Piloderma 0.18* �0.02 �0.05 �0.05 0.27*** �0.07
Russula �0.20** �0.03 0.09 0.01 0.01
Tomentella �0.10 �0.11 �0.09 �0.25***
Ericoid �0.06 0.14 �0.02
DSE19 �0.04 �0.05
Kuehneromyces 0.01
UMF1

a Significant correlations are indicated in bold (�, P 	 0.06; ��, P 	 0.05; ���, P 	 0.01). DSE19 has high similarity to dark septate fungi, and UMF1 has high similarity
to an uncultured mycorrhizal fungus. Analysis was run on all samples (June and September) (n � 107 cores). Aman., Amanita; Bole., Boletus; Ceno., Cenococcum; Hyph.,
Hyphodiscus; Hyme., Hymenocyphus; Pilo., Piloderma; Russ., Russula; Tome., Tomentella; Kueh., Kuehneromyces.
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the abilities to produce such enzymes can explain the differ-
ential ability of ECM fungi to mineralize Po (4, 52) and the
shifts in communities observed along N deposition gradients
toward taxa adapted for acidic, P-limited conditions (47).
Changes in ECM communities within our forest may reflect
differences in the functional abilities of ECM species to ac-
quire P from the different fractions present in soil.

We analyzed fungal communities and their relationship to
environmental conditions for both sampling events together
and also performed these analyses separately by sampling time
(June or September). Since the life span of ECM roots can be
as short as a few months (22, 55) and chemical conditions in
soil can change over the same time frame, it seemed most
appropriate to analyze the relationship between soil chemistry
and ECM communities for the June and September samplings
separately. Analyzing all sampling events together may be
more effective for questions that address the effects of plants or
major seasonal changes (e.g., winter-to-summer changes) on
ECM communities. Whether sampling events are analyzed to-
gether or separately will depend upon the questions being
investigated.

Fungal community structure and coexistence. Root-associ-
ated fungal communities in our study were significantly differ-
ent between the June and September samplings and were dom-
inated by the ECM genera Russula and Tomentella. The
families Russulaceae and Thelephoraceae commonly dominate
roots in many ECM studies (34). Previous studies have ob-
served seasonal changes in ECM communities (3, 8), including
changes over periods as short as a month (17). The functional
life span of ECM root tips is estimated to be few months in
length (22, 55), which suggests that ECM communities can also
change over the course of one growing season. Although some
ECM fungi were present in an oak forest throughout the year,
others were detected only during certain portions of the year
(e.g., winter, in the case of Clavulina) (17). A similar pattern
was observed in a beech forest, with Clavulina cristata, Laccaria
amethystina, and a Russula species more abundant and active
in winter than in summer (8). Our results confirm these pre-
vious studies suggesting changes in ECM fungal communities
between early and late summer. Seasonal changes in fungal
communities may be driven, in part, by differences in fungal
ecology, environmental tolerance, or resource availability (8,
17, 35). We also observed a large number of ericoid-like fungi
on our root samples, as well as dominance of the communities
in terms of frequency and abundance by Meliniomyces, a genus
that forms ericoid mycorrhizae. This may not be surprising, as
an increasing number of studies have found ericoid mycorrhi-
zal fungi colonizing the roots of tree species in the family
Pinaceae and other nonericoid plant species (13, 33). Whether
tree roots act as alternative or primary hosts for these fungi in
the absence of ericaceous plants is uncertain.

We found some evidence that root-associated fungi may be
capable of coexistence at fine spatial scales. Several previous
studies have observed high species richness and diversity of
ECM in small soil cores, suggesting that even at a very local
scale (	10 cm), root systems may contain several different
ECM species existing in close juxtaposition (11, 24, 64). The
factors that promote this coexistence are uncertain, but differ-
ences in resource utilization between fungi, as evidenced by
differences in hyphal morphology, may be one answer. Some

fungi were strongly correlated with one another in our ordina-
tion, with some indication that Russula and Piloderma, and to
a lesser extent Russula and Cenococcum, are more likely than
other fungi to cooccur in soil cores. Tomentella is frequently
described as a multistage, highly competitive ECM genus in
mature forests (61, 65), and it was negatively correlated with all
major groups in our study, with significant negative correla-
tions between it and Russula, Amanita, and Meliniomyces.
These data support the perception that the genus Tomentella is
capable of competitive exclusion of other fungi. It should be
noted, however, that by conducting our analysis at the genus
level, we could mask differences among species, since not all
species within a genus may share environmental preferences. A
larger sampling effort, and analysis of individual species, would
allow the environmental preferences of different species to be
analyzed more rigorously.
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