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Rhizosphere disturbance influences fungal colonization
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Melany C. Fisk - Timothy J. Fahey -
James H. Sobieraj - Andria Costello Staniec -
Thomas O. Crist

Received: 27 April 2010 /Accepted: 1 November 2010 /Published online: 16 November 2010

© Springer Science+Business Media B.V. 2010

Abstract Little is known about the community
dynamics of fungi on decomposing fine roots, despite
the importance of fine roots as a source of carbon to
detrital systems in forests. We examined fungal
communities on dead roots in a sugar-maple domi-
nated northern hardwood forest to test the hypothesis
that community development is sensitive to rhizo-
sphere disruption. We generated cohorts of dead fine
roots in root windows and disturbed the rhizosphere
microbial community in half of the windows by
moving roots into sieved bulk soil. We sampled root
fragments repeatedly over time and cultured fungi
from these fragments to explore temporal patterns of
fungal species composition. Disturbing the root
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rhizosphere prior to initiating decomposition
changed the dominant fungal taxa, the distribution
of dominant species within the community, and the
temporal development in the culturable fungal
community. Dominance in control roots shifted
from Neonectria in early decay to Umbelopsis in
later decay. Disturbance roots were more evenly
dominated over time by Trichoderma, Neonectria,
another species of Umbelopsis, and Pochonia. Our
results suggest that species interactions are important
in the ecology of fine root decay fungi, with the
rhizosphere community of the living root influencing
development of the decay community.

Keywords Fine roots - Fungi - Decomposer
community - Disturbance - Hubbard Brook
Experimental Forest

Introduction

Litter inputs supplying detrital food webs in forest
ecosystems include foliage, fine roots and woody
debris (stems and woody roots). In comparison with
leaf and woody litter, the organisms involved in decay
of fine roots have received limited attention in part
because of challenges of measurement. Fundamental
differences in the nature of these detrital types,
including substrate chemistry (Harmon et al. 1986;
Hughes and Fahey 1994; Hobbie et al. 2010), the
environment surrounding the substrates (Lodge and
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Cantrell 1995), and the timing and spatial arrange-
ment of deposited litter, could influence microbial
communities mediating the decay process. For exam-
ple, whereas leaf litter is arrayed in a relatively
uniform layer on the soil surface (Gessner et al.
2010), woody litter (Boddy 1992; Jonsson et al. 2008)
and fine root litter inputs occur sporadically on and in
the soil. In addition, the environment surrounding
roots changes little following root death whereas
aboveground litter moves from the atmospheric to
the soil environment. These contrasts are likely to
influence the dynamics of the microbial communities
involved in litter decay. In the present study, we
examined culturable fungi on decomposing sugar
maple (Acer saccharum Marsh.) fine roots in a
northern hardwood forest to gain new insights into
decomposer communities in this little-studied detrital
substrate.

Examining community development on fine roots
can extend our understanding of the ecology of plant
litter communities. It is not clear whether a distinct
functional group of “root decomposer” fungi exists, or
whether any heterotrophic fungi in soil are potentially
involved in fine root decay. This should depend on
colonizing dynamics and on factors influencing
subsequent community development in fine root
substrates. Colonization of root litter compared to
aboveground litter will likely differ because of the
relative importance of colonization by mycelia vs
airborne spores in aboveground vs belowground
substrates. The discrete nature and small size of fine
roots within the soil medium is another fundamental
difference that should contribute to variation in
colonizing dynamics. While the pool of fungal
mycelia in soil is diverse (Domsch et al. 2007), the
scale of its distribution relative to the individual fine
roots resources must be considered (Huston 1999),
and suggests that only a relatively small subset of
species have access to any one root substrate. Hence,
colonization could be highly stochastic, depending
upon the chance encounter between a root and a
hypha growing through the soil. On the other hand, if
species interactions play a role, community develop-
ment could be a more structured process in which the
fungal community in the rhizosphere or the living root
influences the decay community. If some of the
potential colonizing species differ in persistence or
competitive abilities, as seen for instance in wood
(Coates and Rayner 1985; Holmer and Stenlid 1996),
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or ectomycorrhizal fungi (Kennedy et al. 2009), then
variable “priority effects” could lead communities to
develop in different trajectories (Fukami et al. 2010).

Timing of community development may be espe-
cially important in fine roots because of the continuity
of substrate environment as the root transitions from
living tissue to detritus. The rhizosphere that develops
over the lifetime of the root remains intact as the root
dies, in contrast to the environments surrounding wood
and leaf litter. Living roots are colonized by a wide
diversity of fungi in addition to mycorrhizal fungi
(Vandenkoornhuyse et al. 2002), including many
culturable genera such as Cylindrocarpon, Mortierella,
Nectria, Phialocephala, Pochonia, and Trichoderma
(Addy et al. 2005; Germino et al. 2006; Menkis et
al. 2006; Kwasna et al. 2008). Many of these persist
after root death, and the spectrum of culturable fungi
in living roots overlaps with that in dead roots
(Halmschlager and Kowalski 2004). Furthermore,
some of the fungi that enter the rhizosphere may be
connected to broader hyphal networks that have
developed from the bulk soil over time. Hence, the
species pool from which colonization takes place and
the species that are potentially involved in commu-
nity interactions are likely to depend upon the timing
of rhizosphere formation.

Processes of community development, including
the relative importance of stochastic and interactive
processes, have received recent attention in microbial
communities. The importance of chance or random
occurrences varies among studies (Sloan et al. 2006;
Horner-Devine et al. 2007; Woodcock et al. 2007;
Fischer et al. 2009), and are of general interest for
comparing communities among litter types. The net
outcome of these processes is also of functional
relevance in fine root substrates, if potential members
of the fungal community vary widely in their ability
to metabolize plant structural carbon. By analogy, in
woody substrates substantial variation in decay can
arise from differences in fungal communities and the
effectiveness among species of wood breakdown.
Heterogeneity in the community and also subsequent
decay rate can arise from the stochastic component of
colonization (Boddy et al. 1989). However, species
interactions are also crucial to community dynamics
over time in these woody substrates, and contribute to
differences in decay (Boddy et al. 1989; Boddy 2000;
Fukami et al. 2010). For example, Fukami et al.
(2010) found that mass loss from decaying wood
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varied from about 10% to 40% depending on the
initial colonizing fungal species. In fine roots sto-
chastic processes might be expected to contribute to
diverse communities that are highly variable among
individual roots, which, in turn, could contribute to
the high variation in decay found among individual
roots (Fahey et al. 1988; Hendrick and Pregitzer
1992; Fahey and Hughes 1994; Ruess et al. 1998).

Disturbance experiments can be used to differen-
tiate among processes of community development
(Ellwood et al. 2009). Studies of fine root decay in
litterbags, representing rather extreme disturbances to
the rhizosphere, have yielded intriguing results,
including unexpectedly low decomposition rates
(McClaugherty et al. 1982; Fahey 1992; Fahey and
Arthur 1994; Majdi and Nylund 1997; Dornbush et al.
2002). Disturbance might not be expected to alter
decay rates if the decomposer communities develop
via stochastic processes. An alternative explanation is
that an intact rhizosphere community influences the
community of decay fungi in roots, through a
combination of initial colonization and subsequent
species interactions. No previous research to evaluate
this idea has been reported. Therefore, in this study
we used a disturbance experiment to examine fungal
community change over time on decomposing fine
roots at the Hubbard Brook Experimental Forest in
NH. We hypothesized that the disruption of the
rhizosphere alters fungal community development.
Our specific objectives were to: 1) describe the
culturable fungal community on decomposing fine
roots, 2) quantify changes in the community over
time, and 3) test effects of rhizosphere disturbance on
community composition. We hoped to gain a better
understanding of the overall process of community
development on fine root substrates, especially in
relation to changes in the rhizosphere.

Methods and materials
Study site

This study was conducted at the Hubbard Brook
Experimental Forest (HBEF) in north-central New
Hampshire, USA (43° 56'N, 71° 45'W). The forest is
second-growth northern hardwoods, which arose
following clearcut harvest from 1910 to 1920 (Likens
et al. 1985). Our study sites were located in the mid-

elevation zone (approximately 590 m elevation) on
a south-facing slope immediately west of Watershed
6 and just above the long-term litterfall collection
sites described in Fahey and Hughes (1994) and
Bohlen et al. (2001). We selected four plots,
approximately 30%x30 m and within 300 m distance
of one another, with sugar maple (Acer saccharum
Marsh.) in the overstory and some American beech
(Fagus grandifolia Ehrh.) in the understory. Plots
were subjectively chosen to maximize similarity in
tree species composition, and to ensure that all were on
moderate slopes with good drainage. Soils are mostly
acidic spodosols (typic and aquic Haplorthods) of sandy
loam texture with a surface organic horizon of approx-
imately 5 cm depth.

Root windows

We installed two root windows at 3—5 m distance in
each site in fall 2000. Each window consisted of a
30x30 cm sheet of Lexan glass fitted against a
vertical undisturbed soil face that had been exposed
by cutting with a 0.4 m-wide sharpened steel plate.
We excavated a hole in front of each soil face to allow
access, and we secured the window by constructing a
tight-fitting insulated box (40 cmx50 cmx40 cm
depth) in the hole. Visual evidence indicated that we
were successful in installing these windows without
significantly disrupting the soil adjacent to the
windows. Root growth against windows was traced
on acetate sheets through spring 2002, at which time
we identified six 1-year-old root networks per
window. These root networks were located approxi-
mately 5-15 cm depth from the forest floor surface
and, while the main axis roots were often larger, all of
the first and second order root branches that were
sampled were<0.5 mm diameter. Roots were most
likely sugar maple, based on overstory dominance by
this tree species and the absence of any obvious
ectomycorrhizal associations. One window of each
site was randomly designated as a control and the
other was designated as a disturbance treatment
window. To establish disturbance, we opened the
window, removed the six mapped root networks and
gently cleaned the roots of adhering rhizosphere soil.
These roots were then placed back on the inside wall
of the window, between 5 and 15 cm depth, and the
window was returned to its place and backfilled with
a 1-2 cm thick layer of sieved and uniform mineral
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soil mixture collected from a depth of 5-20 cm in the
study sites. Disturbance roots were in close contact
with both soil and Lexan windows, similar to control
roots; hence, the principal difference between distur-
bance and control roots was the removal of rhizo-
sphere soil and disruption of soil mycelial networks.

At the same time as the disturbance treatment was
established, we killed the six mapped root networks in
the control windows by drilling through the window
and cutting the main root axis. We sampled each root
network in control and disturbance windows 4 times,
at 1, 3, 6, and 13 months after cutting the axis roots.
To collect a sample we drilled next to a root branch
(<0.5 mm diameter) and clipped a fragment (approx-
imately 2 cm) from the branch. Subsequent samples
were taken from branches in close proximity to each
other (Fig. 1). The same procedure was used to collect
roots in both control and disturbance treatments. Root
fragments were stored in sterile vials on ice in a
cooler until we processed them in the laboratory,
within 12 hours.

Soil core collection
In June 2002 we collected dead fine roots from soil

cores to evaluate the composition of root decay fungal
communities without root-window effects. We estab-

30 cm

Fig. 1 Diagram of a root window and root sampling scheme. X
indicates location at which root systems were cut to initiate
experiment. For one root system, examples of fragment
collection over time are indicated by T1 (1 month), T2
(3 months) T3 (6 months) and T4 (13 months)
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lished a 50-m transect between sites 1 and 2 (above)
and randomly selected 15 sample points along the
transect. At each sample point we extracted 3 soil
cores (5-cm diameter including 10-cm depth in
mineral soil; approximately 15 cm depth from the
surface of the forest floor) and divided each core into
organic (forest floor), A, and B horizons. For each
sample point, soil from multiple cores was compos-
ited into one individual sample per horizon. Fine roots
were removed from these samples in the laboratory
and separated into living and dead categories based
on visual criteria, including color, condition of the
cortex, and elasticity. Up to 6 dead roots were taken
per horizon per sample point and from each of these
we processed a fragment approximately 2 cm long.
This yields a maximum total of 36 fragments per
sample point; however, numbers of root fragments
was substantially less because we could not always
find 6 dead roots in a composited horizon sample, and
because A horizons were present at only about half of
the sample points.

Root processing and fungal culturing

We removed soil particles and organic debris from
root fragments of window and core samples under a
dissecting microscope using sterile tweezers. Cleaned
fragments were shaken vigorously (60 s) in 3
subsequent 10-mL aliquots of sterile water to remove
surface fungi. We cut each washed fragment from root
windows into six c. 1/3 cm long sub-fragments and
placed three of these on a malt agar plate containing
benomyl and the other 3 on a malt agar plate without
benomyl. Each washed fragment from soil cores was
cut into 3 sub-fragments and placed on a malt agar
plate containing benomyl. Benomyl inhibits the
growth of some ascomycete fungi, and we included
it to aid selection for basidiomycete fungi (Thorn et
al. 1996).

Malt agar was prepared by autoclaving, in 1 L
distilled water, 0.5 g KH,PO,4, 0.2 g MgSO,7H,0,
0.1 g NH4NO3, 0.1 g KCI, 0.2 g FeSO,7H,0, 0.05 g
Ca(NO3),4H,0, 2 g Difco malt extract (Difco
Laboratories Inc, Detroit MI), and 15 g Difco agar.
After cooling agar to approximately 55°C, we
aesceptically added to each liter the following filter-
sterilized solutions: 5 mL 1 M KOH, and 1 mL each
of 60 mg/mL chlorotetracycline-HCl, 30 mg/mL
streptomycin sulfate, and 30 mg/mL penicillin G
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(Na salt), and mixed gently with an autoclaved stirbar
prior to pouring plates. For plates with benomyl, we
also added to each liter a filter-sterilized solution of
4 mg benomyl suspended in 2 mL of 1:1 acetone and
70% ethanol.

Fungi that grew from root sub-fragments were
subcultured onto the same medium, usually within
1 week of plating. Cultures were subsequently
transferred to slants of malt-yeast extract agar, made
as above with the addition of 1 g/L yeast extract,
grown at room temperature for approximately 1 week,
and stored at 4°C prior to transfer back to agar plates
for DNA extraction and analysis.

We extracted DNA from 0.5 cm diameter plugs of
fungal cultures using an alkaline lysis and chloroform
extraction procedure (Miller et al. 1999). We PCR-
amplified the ITS region of the nuclear rDNA genes
using primers ITS1f and ITS4 (White et al. 1990;
Gardes and Bruns; 1993). Amplicons were sorted into
restriction-fragment length polymorphism (RFLP)
groups by digesting at 37°C for 12h with the
restriction enzymes Alul, Hinfl, and Haelll and
visualizing products of restriction digests in 3%
NuSieve agaraose gels stained with ethidium bro-
mide. RFLP patterns were grouped by the sizes of
fragments (£8%) exceeding 70 bases long.

We sequenced the ITS region for a subset of RFLP
groups, including the 26 groups that were most
common in the whole dataset (cultures from window
and cores, with and without benomyl). Amplicons
from 3 to 6 representatives of each RFLP group were
sequenced at Cornell University’s Biotechnology
Resource Center. We assembled forward and reverse
sequences using Contig Express software in Vector
NTI (Invitrogen, Carlsbad CA), manually checked
each sequence, and aligned sequences from replicate
representatives to verify similarity within each group
using AlignX software in Vector NTI. Sequences
were BLAST matched (Altschul et al. 1997) to the
Genbank nonredundant database and were submitted
to the Genbank database under accession numbers
HQ392591-HQ392617. The fungal ITS region is
often used to determine species identities in fungi
(Bruns and Shefferson 2004). A 1%-3% sequence
dissimilarity is on average appropriate for distinguish-
ing fungal species, but there are numerous exceptions
in which within species differences are higher
(Nilsson et al. 2008). There are also instances in
which species cannot be distinguished by ITS

comparisons (i.e., Trichoderma; Lieckfeldt et al.
1999; Jaklitsch et al. 2006). Therefore we present
the closest matches as very tentative identifications
that should be interpreted with caution.

Data analyses

RFLP groups were recorded as presence/absence for
an individual root system, and their abundance was
estimated as a relative frequency (number of roots
present/total roots) for each of our 4 study plots.
Shannon-diversity and evenness were estimated with-
in sites. We used Serensen’s index of community
similarity (van Tongeren 1995) to compare species
composition between treatments and among sites. We
also used non-metric multidimensional scaling (NMS;
McCune and Grace 2002) to compare communities
between treatments.

We used paired t-tests (SAS Institute, Cary, North
Carolina USA) to test effects of disturbance on
diversity (H’), evenness, and number of RFLP groups
at the site level. For RFLP groups present on 10% or
more of the root samples, we analyzed the probability
of occurrence as a correlated bionomial response
variable in a repeated measures design with the
factors treatment (between-subjects) and sampling
time (within-subjects). We used generalized estimat-
ing equations (Myers et al. 2002) in Proc GENMOD
in SAS to analyze correlated binomial responses and
to model probability of occurrence with the logit link
function. We tested treatment and time effects with
pairwise contrasts and Wald’s chi-square test.

Results

Fungi cultured from dead roots were separated into 78
RFLP groups, recovered from 186 (no-benomyl
cultures) or 152 (benomyl cultures) root fragments
from windows and 189 root fragments from soil
cores. Root fragments from windows originated from
48 total root systems (4 plots, 2 windows per plot, and
6 root systems per window), each sampled 4 times.
Thirty-one of these RFLP groups accounted for 90%
of total frequency on roots from the windows.
Twenty-eight RFLP groups were in common between
windows and soil cores, and 23 groups were found
only in cores. ITS sequences were obtained for
representatives of 18 of the groups found in windows
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and cores, and for representatives of 8 additional
groups that were common on dead roots from soil
cores but were not found on window roots (Table 1).
Many of the ITS sequences from our fungal cultures
matched Genbank sequences of common soil, sapro-
trophic and semi-pathogenic fungi (Table 1).
Richness and diversity of fungi from the windows
did not respond to disturbance treatment (P>0.15 for
richness, diversity, and evenness at the site level). Using
benomyl in our culture medium improved the detection
of a number of species to give us a second, comple-
mentary view of the community, with almost twice as
many RFLP groups cultured from window roots using
benomyl compared to no benomyl (P<0.0015 for
richness, diversity, and evenness at the site level;
Table 2). Most RFLP groups were not common,

especially for benomyl cultures, in which 42 groups
were detected on five or fewer root samples and 21
groups were detected on only one root sample. In
cultures without benomyl, 19 RFLP groups were
detected on five or fewer roots and ten on only one
root. In no-benomyl cultures, 13 groups occurred in
common between control and disturbance treatments,
accounting for 85% of total occurrences. In benomyl
cultures, 9 groups occurred in common between
treatments, accounting for 71% of the total.

In contrast to the lack of diversity response,
disturbance strongly affected fungal species composi-
tion. Community similarity between control and
disturbance roots was low, averaging 0.37 across sites
in no-benomyl and 0.38 in benomyl cultures. Com-
munity similarity between each pair of disturbance

Table 1 RFLP groups of
isolates from different root

RFLP group Root source

BLAST Match

sources, and optimal Gen- Most closely related taxon in Accession number ~ Similarity
Bank matches for the ITS Genbank (sp referenced in text) (%, bp)
sequences, numbered
according to decreasing 1 W, FF, B Umbelopsis ramanniana (sp 1)  EU715662 98%, 630
frequencies in benomyl 2 W, FF, B Umbelopsis isabellina (sp 2) AJ876493 96%, 617
plates. ROOt? were collected 3 W, FF, A, B Trichoderma asperellum® AF278789 99%, 599
from root windows (W) and ) ) )
from forest floor (FF), A, 4 W, FF, A, B Pochonia bulbillosa (sp 1) AB378552 99%, 577
and B (including E, if 5 W, FF Mortierella (sp 1) GU997756 99%, 621
present) l*lloﬂzgns 0112)5011 6 W, FE, A, B Neonectria radicicola (sp 1) GU934581 99%, 540
cores collected to cm . o
depth from the forest floot/ 7 w Mortierella (sp 2) DQ093724 94%, 625
mineral soil boundary. ITS 8 W, FF Paecilomyces GQ241283 99%, 590
regions of 3-6 representa- 9 W, FF, A, B Mortierella FJ553782 100%, 638
tives of most of the common W, FF, A, B Mortierella macrocystis AJ878782 99%, 622
RFLP groups were . . 0
sequenced 11 W, B Neonectria ramulariae AJ279446 99%, 540
12 W, B Sporothrix inflata DQ093704 93%, 371
14 w Mortierella HQ022201 98%, 589
15 W, FF Trametes versicolor AF139961 98%, 666
18 W, FF, B Stilbella DQ993633 99%, 512
21 W, FE, A, B Pochonia suchlasporia (sp 2) AB214658 98%, 659
22 w Trichosporon porosum AB105355 100%, 510
27 w Tolypocladium inflatum AB255606 99%, 557
30 w Nolanea” EF093152 99%, 690
31 FF, A, B Hypocrea AY241587 100%, 607
32 FF, A, B Epicoccum AJ279463 99%, 585
*RFLP group 3 matched 33 F Phoma AY293797 98%, 481
several other species equally 34 F Lecanicillium fusisporium AB360370 98%, 629
well (T. atroviride, ) o )
Hypocrea vinosa, T viride) 35 E A Isaria farinosa ABO083033 99%, 623
PRFLP group 30 matched 36 F, B Geomyces EU812475 98%, 592
two other genera almost 37 B Mucor hiemalis AJ876490 99%, 663
equally well (Mycena, 38 F, B Geomyces AJ608972 99%, 546

Entoloma, 98%)
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Table 2 Richness (total number of RFLP groups), Shannon-
diversity (H’) and evenness (E) for fungi cultured from
experimentally killed roots, sampled 4 times over 13 months.
For windows, H* and E were calculated as means of site-level
values (n=4 sites; standard error of the mean are in parentheses)

Total number of H’ E
RFLP groups

Windows: No benomyl
All samples 30
Control 19
Disturbance 24

1.88 (0.135)  0.86 (0.006)
2.00 (0.099) 0.81 (0.025)
Windows: With benomyl
All samples 55

Control 32 2.42 (0.142)  0.93 (0.013)

Disturbance 40 2.60 (0.129)  0.90 (0.020)
Soil Cores: With benomy]l

All samples 51 2.82 0.84

Forest floor 25 2.48 0.86

A horizon 15 2.11 0.92

E/B horizon 33 2.77 0.93

and control windows varied among sites, more widely
in no-benomyl (0.18-0.50) compared to benomyl
cultures (0.23-0.41). NMS ordination of no-benomyl
cultures using 2 axes accounted for 76.2% of
variation (stress=21.16; P=0.016), and separated
control and disturbance communities (Fig. 2a). NMS
ordination of benomyl cultures was less straightfor-
ward, requiring 4 axes and accounting for 69.4% of
variation (stress=16.16, P=0.028). Control and dis-
turbance communities separated most clearly along
axes 2 and 3 (Fig. 2b). NMS ordinations provided no
clear separations of communities by time or by site,
for either culture type.

Neonectria sp 1 was the most widespread taxon,
followed by Trichoderma, in control window roots
when cultured without benomyl (Fig. 3). Disturbance
significantly increased frequency of Trichoderma and
reduced the frequency of Neonectria sp 1 relative to
control roots. Trichoderma was common at 1 month
on both control and disturbance roots (Fig. 4a).
Neonectria sp 1 rapidly increased in frequency on
control roots, but not on disturbance roots, which
continued to be dominated by Trichoderma (Fig. 4a).
Several other fungi, found in about 5 to 10% of roots
when cultured without benomyl (Umbelopsis sp 1 and
sp 2, Mortierella sp 1), did not respond to disturbance
(Fig. 3; Table 3). Umbelopsis sp 1 and sp 2 increased

in frequency over time, especially between 6 and
13 months (Fig. 4a; Table 3).

Treatment responses were also detected for some of
the most common species when cultured with benomyl,
including one (Umbelopsis sp 2) for which a response
was not detected in cultures without benomyl (Table 3,
Fig. 3). The frequency of Trichoderma and Neonectria
sp 1 again responded clearly to disturbance in benomyl
cultures (Figs. 3 and 5; Table 3), but their overall
frequency was reduced. The species that compensated
for that reduction depended upon treatment. Umbelop-
sis sp 1 was common on control roots and Umbelopsis
sp 2 was much more common on disturbance roots
(Table 3). Pochonia sp 1 and Mortierella sp 1 were
common and again did not appear to respond to
treatment (Fig. 3). The disturbance-related shift in the
fungal community included a change in timing of
colonization by Umbelopsis sp 1 and sp 2 and by
Trichoderma. In the absence of disturbance, frequency
of common species was low at first and then increased
over time, especially for Umbelopsis sp 1. In contrast,
disturbance promoted high initial frequencies of
Umbelopsis sp 2 and Trichoderma, and slowed the
increase of the most common control species, Umbe-
lopsis sp 1 (Fig. 4b).

Most of the fungal taxa that were present in root
windows were also present in soil core samples, but
some taxa were found only in soil cores (Table 1).
Only a few of the fungal taxa that were common on
dead roots were clearly associated with a particular
soil horizon. For example, Trichoderma occurred
frequently in both windows and cores and was
generally ubiquitous, but also was clearly favored in
the forest floor horizon (Fig. 6). Frequency of most
other taxa showed no patterns of depth distribution in
cores, and NMS ordination did not separate commu-
nities (data not shown). Frequency of 3 taxa appeared
to differ between windows and cores. Umbelopsis sp
2 and Paecilomyces were common on window roots
but were rare in soil core roots (Fig. 6). Pochonia sp 2
was common on roots from soil cores and was most
widespread on roots collected from the A horizon, but
was rare on roots from windows (Fig. 6).

Discussion

The culturable fungal community on dead fine roots
included very common taxa, some with frequencies
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Fig. 2 Non-metric multidimensional scaling (NMS) of RFLP
groups cultured from control and disturbance root windows on
plates with no benomyl (a) and with benomyl (b)

up to 0.65 (Fig. 4a). Sequences of the most common
taxa were most similar to Umbelopsis, Trichoderma,
Neonectria, and Pochonia (Table 1). These genera are
among the dominant fungi in the rhizosphere of forest
trees and on living and dead roots in other culture
studies. Sequences of other RFLP groups that we
found in moderate frequency most closely matched
those of Geomyces, Mortierella, Mucor, Trichosporon,
and Tolypocladium (Table 1), genera that have also
been reported in roots and rhizosphere (Halmschlager
and Kowalski 2004; Kwasna 2004; Summerbell 2005;
Menkis et al. 2006; Vandegrift et al. 2007; Kwasna et
al. 2008). Most of these taxa, such as Umbelopsis,
Trichoderma, Mortierella, Mucor, Pochonia, and
Geomyces are common soil and litter fungi in forest
ecosystems (Hudson 1968; Bridge and Spooner 2001;
DeBellis et al. 2007; Domsch et al. 2007; Osono and
Takeda 2007). Umbelopsis spp appear to have an
especially high affinity for fine roots (Summerbell
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2005; Vandegrift et al. 2007), and Cylindrocarpon
destructans (anamorph of Neonectria) is known for
its potential as a mild pathogen (Rahman and Punja
2005; Gotz et al. 2006; Domsch et al. 2007; Kwasna
and Bateman 2009). Trichosporon porosum is also
common in rotting wood (Middelhoven et al. 2001;
Vasiliauskas et al. 2005). Two other sequences from
our study match fungal taxa that might not be expected
on roots: Isaria farinosa is known as an insect parasite
and Pochonia suchlasporia is known as a nematode
cyst parasite (Domsch et al. 2007). Our results suggest
that these rather specialized taxa can grow in fine roots
but it is also possible that we have instead cultured
species that are not in the sequence database. Other
taxa that were important in previous studies of rhizo-
spheres and dead fine roots of trees (Halmschlager and
Kowalski 2004; Kwasna 2004) were notably absent
(Absidia, Phialocephala, Phialophora) or infrequent
(Geomyces, Penicillium) in our study. The difference
between ectomycorrhizal (EM) and arbuscular mycor-
rhizal (AM) tree species is likely to have great impact
on fungal communities; our study focused on sugar
maple roots (AM) whereas most others dealt with oak
and conifer forests (EM). In fact, it seems remarkable
that the root decay communities in various cited
studies shared as many dominant species as they did
in widely contrasting settings and with different
mycorrhizal types.

Mycorrhizal and soil fungal communities tend to
change with depth and differ between forest floor and
mineral soil (Dickie et al. 2002; Lindahl et al. 2007,
Hartmann et al. 2009). It was thus somewhat
surprising not to find a more pronounced pattern with
depth on dead roots. Instead, our soil cores suggest a
fairly generalized community on dead roots throughout
the surface 20 cm in our study sites. Trichoderma
showed the strongest affinity for the forest floor, yet
even this taxon was common in A and B horizons, and
most of the taxa that were detected on more than one
root were detected in multiple horizons (Fig. 6). The
lack of clear depth-related patterns in our cores
suggests that root depth did not contribute substantial
variation to fungal community composition within
windows, and it is unlikely that sampling only in the
mineral soil in our windows caused us to miss any key
taxa from the forest floor.

Our experimental approach allowed us to charac-
terize fungal communities over time following root
death with minimal disturbance to the surrounding
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soil and root systems. Communities of culturable
fungi overlap between living and dead root systems
(Halmschlager and Kowalski 2004; Menkis et al.
2006; Kwasna et al. 2008) but the possibility of
successional patterns in roots of forest trees has not
previously received much attention. We found signif-
icant changes over time in frequency of several of the
most common fungal taxa on dead roots, adding
temporal resolution to the general descriptions that
exist for root fungal communities. For example,
Trichoderma and Neonectria sp 1 were primary
colonizers that persisted in the community throughout
the experiment. Both of these genera contain species
that are common on living roots (Germino et al. 2006;
Gotz et al. 2006; Rahman and Punja 2005; Kwasna et
al. 2008; Kwasna and Bateman 2009). Sugar maple
fine roots in our study sites can continue respiring for
several weeks following trenching (Littell 2007),
suggesting that our experimentally killed roots did
not die right away. Hence, the abundance of Tricho-
derma and Neonectria only one month after roots
were cut suggests that they colonized roots prior to
the time at which we killed the roots. Several other
species that we found in root windows were second-
ary colonizers, appearing only after the first sampling
time and persisting on root systems after that. For
example, Umbelopsis sp 1 was absent from window
communities at month one in three of our four study
sites, after which it colonized roots in all sites and

RFLP Group

increased in frequency over time. Two other common
taxa (Mortierella sp 1 and sp 2) also appeared to be
late-stage members of the root decay community; they
were patchily distributed among sites, but once they
colonized roots in a particular window, they prolifer-
ated within that window and persisted throughout the
experiment (data not shown). Frequency of Pochonia
sp 1, another common member of the community,
was more stable over time.

The fine root community that we measured also
had many transient members that colonized at various
times and were not detected again. These taxa appear
to colonize sporadically but either are unable to grow
and expand into adjacent root tissue, or are unable to
persist at all. Representing a true successional time
course in decaying fine roots is challenging, and more
intensive and smaller-scale sampling of single root
systems is needed to distinguish fungi that are truly
transient members of the community from those that
are not detected by sequential sampling because of
very small scales of distribution.

While frequency of some fungal taxa changed over
time, we did not find the marked temporal change in
the community that has been noted for wood or leaf
litter. NMS ordination, for instance, did not separate
samples by time. This lack of community-level
pattern may be related to high diversity and the
transience of many taxa, but it is also noteworthy that
we found no clear decline over time in common
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Fig. 4 Relative frequency of fungi on window roots from
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(a) or with benomyl (b). Error bars are standard errors of the
mean, n=4 sites
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species, with the exception of Trichoderma in
benomyl cultures. Nor did we observe obvious
species replacements over time. This lack of marked
change is consistent with the remarkable similarity
that we found between communities in root windows
and in soil cores, despite the differences in age of root
substrates. Dead roots in soil cores senesced without
any disturbance and presumably died at varying times
prior to core collection, whereas roots in windows
were experimentally killed all at one time. Only the
absence of Pochonia sp 2 from windows compared to
cores represents an obvious effect of the windows.
These patterns in decaying roots contrast somewhat
with patterns in wood (Coates and Rayner 1985;
Boddy 1992) and litter (Hudson 1968; Frankland
1998; Frankland 1992; Osono 2005), in which some
primary colonizing species do not persist after arrival
of secondary colonizers. The phyllosphere and leaf
endophyte community of leaves encounters some
change in environment when litter falls to the ground
after senescence, and while some phyllosphere taxa
can persist and degrade structural C compounds
(Osono 2006), the phyllosphere community has not
been found to exert much influence on the subsequent
fungal community in leaf litter (Osono 2005). In
contrast, fungi colonize fine roots over the entire
lifespan of the root and the transition from living
tissue to detritus is more continuous. Taxa such as
Trichoderma, Mortierella, Umbelopsis, and Mucor
were detected right away in roots in this study,
whereas they tend to be later-stage secondary colo-
nizers of litter (Frankland 1998; Osono 2005). Prior
colonization of wood can be important but also can be
highly variable (Rayner and Boddy 1988), and
temporal effects may differ because fine roots are
smaller and also such ephemeral substrates compared
to wood.

The fungal community response to disturbance
supported our hypothesis that disruption of the
rhizosphere would alter the dynamics of decay fungi.
Disturbance altered the dynamic between two species
that had probably colonized living roots: Trichoderma
was able to maintain dominance over time following
disturbance, while Neonectria was suppressed. Dis-
turbance also favored colonization and growth by
Umbelopsis sp 2 and suppressed that of Umbelopsis
sp 1. Although the mechanism underlying the
disturbance responses is uncertain, a potential con-
tributor could have been a change in the pool of
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Table 3 Results of general- RFLP
ized estimating equations
using time-correlated group Z Contrasts
binomial responses for the
probability of occurrence of treatment treatment lvs3mo 3vs6mo 6vsl3mo
dominant fungi
Windows: No benomyl
1 -0.90 0.81 0.00 0.00 5.02%
2 0.94 0.88 1.62 2.78 6.11%
3 3.10%%* 9.63%* 1.93 0.51 4.90%
6 -3.28%%% 10.78%* 2717 0.80 2.09
Windows: With benomyl
1 -2.09% 4.35% 1.86 0.73 4.00%
2 3450k 11.93%#% 2.63 0.06 0.00
3 2.24% 5.00% 2.49 0.78 2.56
6 -3.49% %%
Soil cores: With benomyl
FvsA FvsB AvsB
1 0.00 0.03 0.00
3 3.76% 8.297%# 1.40
4 3.86* 1.44 0.94
6 1.98 0.34 0.85
Chi-square values and 8 0.06 0.02 0.12
significance (¥*p<0.05; **
p<0.01; ***p<0.001) are 9 0.01 0.34 0.12
for pairwise contrasts on the
effects of treatment and 22 0.50 0.76 1.96
sample time on presence of
dominant fungi. Treatment 32 0.06 0.77 0.27

df=1 and time df=3

species available to colonize dead roots; i.e. species in
the immediate rhizosphere were replaced with those
in bulk soil. This changes temporal dynamics for
species that colonize the rhizosphere from the bulk
soil. However, this explanation would not account for
the shift between Trichoderma and Neonectria sp 1,
which must have resulted primarily from interactions
with other members of the rhizosphere community.
Moreover, the most common species were found in

both treatments, indicating that the potential pool of
colonizing species was not substantially altered and is
not the only mechanism by which our treatment
influenced the fungal community composition.

The response to disturbance that we found would
not be expected if processes of colonization and
persistence were entirely stochastic. Whereas recent
work in microbial communities suggests that stochas-
tic factors can strongly influence community devel-
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opment (Sloan et al. 2006; Woodcock et al. 2007), our
results indicate that species interactions are an
important part of community development in fine
roots. There are good reasons to expect stochasticity in
fungal communities that decompose fine roots, such as
the diversity of potential colonizing species in litter and
soil and the small and discreet nature of the fine root
substrate. The potential for these traits to lead to
randomly assembled communities could be com-
pounded by the relatively short-term existence of the
habitat caused by microbial consumption of the fine root
substrate. Stochasticity of colonization is at least partly
supported by the high fungal diversity, large number of
rare taxa, and variation among individual roots in our
study. However, several common species emerged in
communities, even across multiple study sites, indicat-
ing that deterministic factors are of greater importance in
the ecology of fine root decay fungi. Fischer et al.
(2009) showed that initially stochastic processes can
give way over time to deterministic effects. Our results
differ somewhat from those of Fischer et al. (2009),
because we did not find evidence for notable changes
in community processes over time.

Variation in fungal communities that we found,
either in response to disturbance or among individual
roots, could influence the decay process. Most of the
taxa that we detected can metabolize sugars and
slightly more structural compounds like pectin
(Domsch et al. 2007). Most are also able to
metabolize cellulose, although some, including spe-
cies of Mortierella, Mucor, and Sporothrix, cannot
(Deacon et al. 2006; Domsch et al. 2007). Important
functional differences in the root community probably
exist between Trichoderma and Neonectria, likely to
metabolize cellulose, and Umbelopsis isabellina and
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floor) and from the A and B horizons in the surface 10 cm of
mineral soil. Bars are averages of roots from 12 soil cores

U. ramanniana, which are more likely to metabolize
chitin. Trichosporon is notable in the fine root decay
community for its ability to metabolize phenolic
compounds that are likely produced as plant defense
compounds (Middelhoven et al. 2001; Middelhoven
2006). Probably most importantly, only two or three of
the taxa that we detected are known to break down
lignin. These include Epicoccum and Trametes (Worrall
et al. 1997; Domsch et al. 2007), and possibly RFLP
group 30 which is likely Nolanea (or Entoloma) or
Mpycena (Osono 2002; Deacon et al. 2006). While the
common species that we detected on fine roots have
some potential for differences utilizing cellulose or
lignin, they also have a fair amount of functional
redundancy, especially among taxa that responded
to disturbance. It is also important to note that
functions can vary among strains of the same
species (Deacon et al. 2006). Thus it is not clear
from our data that changes in the fungal community
related to rhizosphere disturbance would alter the
decay process, as suggested by a number of studies
of fine root decomposition rates (Fahey 1992; Fahey
and Arthur 1994; Majdi and Nylund 1997; Dornbush
et al. 2002). However, differences within the fungal
community are more likely to influence the decay
process in the less easily cultured components of the
fungal community, including basidiomycetes and
ascomycetes that can degrade lignin and whose
functions can vary substantially (Boddy et al. 1989;
Chapela et al. 1988; Worrall et al. 1997; Fukami et
al. 2010). These taxa appear best represented in
PCR-based community assessments (Vandegrift et al.
2007; Kwasna et al. 2008), and molecular genetic
studies are needed to complement what we have
learned in the culturable community.
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Our experimental approach was intended to represent
the complexity of the relatively undisturbed soil
environment to the best extent possible, to most
conclusively demonstrate patterns over time and effects
of rhizosphere disruption. While this approach limits
our ability to confirm specific mechanisms of apparent
interactions in response to disturbance, it does provide
valuable evidence that such interactions are relevant in
the intact soil system and are worth examining under
more controlled conditions. For example, further work
that directly compares fungal communities on decaying
roots to those in surrounding rhizosphere and bulk soil
(representing the pool of potential colonizers) would
contribute to our understanding of the relative impor-
tance of chance vs species interactions. Our results also
show that future attention to possible priority effects
would be especially interesting in the fine root substrate
because of the apparent continuity of some species
between living and dead roots. Finally, while it is
logistically challenging to quantify the decay rates of
individual roots, our data show that this might be the
most informative level of investigation based on
heterogeneity among roots, and our characterization of
the culturable fungal community on fine roots provides
a useful basis from which to target the most common
species for study.
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