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Abstract The potential for seasonal dynamics in ectomy
corrhizal (EM) fungal assemblages has important implica
tions for the ecology of both the host trees and the fungal 
associates. We compared EM fungus distributions on root 
systems of out-planted oak seedlings at two sites in mixed 
southeastern Appalachian Mountain forests at the Coweeta 
Hydrologic Laboratory in North Carolina, from samples 
taken in mid-July and early September. Species level EM 
fungus type specificity, and identification in some cases, 
was enabled by direct sequencing of the mycobionts from 
the seedling roots. Seventy-four EM fungal ITS types were 
documented, most of which occurred only in the midsummer 
or early-fall samples, respectively. Cenococcum geophilum 
(morphotyped) was ubiquitously present and accounted for 
the majority of root tips sampled. Abundance and relative 
frequency of types other than C. geophilum were signifi
cantly higher in the July samples, while C. geophilum was 
significantly more frequent and abundant in September. 
Several generalistic dominants were found fairly equally at 
both sites and on both sample dates. Other taxa with 
relatively high frequency were recovered from both sites 
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and tree seedling species, but were reliable indicators 
occurring primarily in the July sample (e.g., Laccaria cf 
laccata). Notable shifts in mycobiont dominance were 
apparent in relation to sample date, including increases in 
Cortinarius spp. richness, decreases in Thelephoraceae 
richness, and the disappearance of Amanita spp. types in 
the early fall compared to midsummer samples. However, 
diversity and rarity were high and differences in overall 
community composition (other than C. geophilum) by season 
were not significant based on multi-response permutation 
procedures. Although these results based on a single growing 
season are preliminary, changes in abundance and frequency, 
detection of significant indicator species, and the apparent 
systematic affinities of shifting EM types support the 
potential for seasonal variability in EM associations in this 
system. 
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Introduction 

Ectomycorrhizal (EM) fungi form important mutualistic 
associations with a variety of dominant tree species found 
in temperate forests (Smith and Read 1997). The general 
role of EM fungi in providing a number of benefits to their 
plant hosts, including mineral nutrients, water, and protec
tion from pathogens, is well known (Smith and Read 1997). 
The high diversity of EM fungi has long been recognized 
based on sporophore collections (e.g., Bills et al. 1986; 
Nantel and Neumann 1992). Direct characterization of EM 
fungal species colonizing root tips by multiple recent 
molecular studies has further contributed to our under-
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standing of the high level of diversity and spatiotemporal 
variability in EM fungal communities (reviewed in Horton 
and Bruns 2001; Izzo et al. 2005). Given this high diversity 
and potential for specialization, a number of factors suggest 
that EM fungal communities may be variable throughout 
the growing season in a mature deciduous forest. 

Firstly, edaphic conditions including soil temperature, 
moisture, and nutrient availability are influenced by the 
depth and decomposition of the leaf litter layer, which 
varies seasonally in deciduous forests (Facelli and Pickett 
1991). Secondly, colonization by EM fungi occurs on fme 
root tips (Smith and Read 1997), and fine root tip longevity 
(which can be highly variable) may be as brief as 1 month 
(Hendrick and Pregitzer 1992; Gill and Jackson 2000; 
Gaudinski et al. 2001). Changes in gross (unidentified) EM 
root tip abundance by season were studied by Blasius et al. 
(1990), who found variation throughout the growing season 
and that the period of peak EM root tip abundance differed 
during separate years. In 1985, peak abundance of EM root 
tips occurred in May and October, with August being the 
least abundant time period. This cycle was not repeated in 
1986, however, when peak abundance of EM root tips 
occurred in August and November and low abundance 
occurred in September and October. Furthermore, it was 
thought that changes in weather patterns influenced the 
seasonal variation in abundance cycles across years. Intra
annual variability in EM colonization has also been linked 
to climatic variation by a number of additional studies 
(Harvey et al. 1978; Vogt et al. 1980; Rastin et al. 1990; 
Swaty et al. 1998), although again species-level fungal 
identification was not provided. 

A final study which suggested seasonal patterns in 
assemblages of EM fungi colonizing roots was conducted 
in Salix repens L. stands in dune ecosystems by van der 
Heijden and Vosatka (1999). Based on observations of 
morphotype samples from large numbers of root tips at 16 
sites, they hypothesized that relative abundances and 
composition of taxa changed throughout the season and 
therefore nutrients, water, or other benefits (e.g., protection 
from pathogens) provided by the different morpho types to 
plants would vary as well. 

Interannual temporal variability at the species level has 
been characterized from root tip samples in many recent 
molecular studies. However, these studies have not 
addressed the potential for seasonality or intra-annual 
variability in EM fungal communities because root samples 
were collected at a single time of year. Dahlberg and 
Stenlid (1995) and Izzo et al. (2005) both noted this dearth 
of information on seasonal dynamics of EM fungi, and 
strongly promoted the need for better understanding of EM 
temporal dynamics. 

Taken together, the temporally variable nature and high 
diversity of EM fungal assemblages, along with variability 
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in edaphic conditions, root tip turnover, gross EM root tip 
abundance, and morphotype dominance, indicate that 
seasonality may be important in structuring EM assemb
lages. Hence, EM fungi with differing environmental 
tolerances may be better adapted to a given seasonal 
microhabitat. Seasonal specialization of EM fungi resulting 
in variable root colonization by differing fungal mycobionts 
across the growing season should be related to intra-annual 
variability in carbohydrate expenditures by host trees to EM 
fungi. Furthermore, the temporal availability of mineral 
nutrients to the host may be affected. Thus, seasonal 
dynamics of major resource pools could be strongly tied 
to seasonal dynamics of EM colonization and persistence. 
Ultimately, seasonal specialization in EM fungal assemb
lages may translate into ecological flexibility for the 
phytobiont by association with fungi that track annual 
cycles in soil nutrient pools (van der Heijden and Vosatka 
1999). 

In this study, we compared EM fungal assemblages in 
midsummer and early fall of a single growing season in a 
mature mixed forest in the southeastern Appalachian 
Mountains. To characterize the midsummer and early fall 
EM fungus assemblages, species level EM fungus typing 
and frequency data were derived from direct amplification 
and sequencing of the ITS region of the mycobiont from 
colonized root tips collected from out-planted oak seed
lings. We hypothesized that there would be differences in 
the abundance, diversity, and community structure between 
midsummer and early fall assemblages of EM fungi on the 
seedlings. Observation of a strong seasonal trend would 
indicate that EM fungal communities may have an 
additional level of environmental specialization that con
tributes to both their diversity and functional relationships 
with host trees and resource pools. 

Materials and methods 

Site description 

The sites for this study were located within the Coweeta 
Hydrologic Laboratory (Coweeta), part of the NSF Long 
Term Ecological Research Station network. Coweeta (350 

02' 29" N, 83 0 27' 16" W) is located in the Blue Ridge 
Mountain Physiographic Province in the southwestern 
comer of North Carolina. Climatically classified as marine 
and humid, Coweeta experiences relatively high precipita
tion and mild temperatures. Precipitation is distributed 
equally throughout the growing season, averaging 180 cm 
annually (Swank and Crossley 1988). Diversity of ectomy
corrhizal fungi is quite high in this area (Walker and Miller 
2002; Walker et al. 2005). 



Mycorrhiza 

Ectomycorrhizal commumtIes were sampled at two 
locations within Coweeta. The low elevation mesic site 
(LM site), with a northwestern aspect, was located upslope 
from Ball Creek at an elevation of approximately 720 m 
above sea level. The drier high elevation site (HD site) was 
located above Dryman's Fork at approximately 1,170 m 
above sea level and had a north-northeasterly aspect. 
Additional information on site characteristics can be found 
in Walker et al. (2005) and Beier et al. (2005). 

Seedling propagation 

Seedlings of two oak species, Quercus rubra and Q. prinus 
(a red and a white oak, respectively), were germinated from 
acorns collected at Coweeta. The acorns were surface 
sterilized in 10% bleach solution for 10 min and then rinsed 
with tap water for 5 min before sowing in coarse Vermiculite 
in a greenhouse. Pinus rigida Ait. seeds, also collected at 
Coweeta, were surface sterilized in hydrogen peroxide for 
20 min and germinated in sterilized sand. After germination, 
the seedlings were transplanted to nursery cells with coarse 
vermiculite. After 2 months of growth, the seedlings were 
fertilized weekly with quarter strength Hoagland's solution 
(Hoagland and Arnon 1950). After 4 months of growth in 
the greenhouse, the seedlings were planted out at the field 
sites during the last week of June 2000. 

Greenhouse EM contaminants, especially members of 
the Thelephoraceae, are frequently observed when seed
lings are grown in greenhouses. However, EM tree species 
are rarely grown in the greenhouse we utilized. To test for 
possible contaminants, 20 seedlings of each oak species 
were destructively sampled and screened for mycorrhizal 
colonization at the time of planting. The root systems of the 
screened seedlings were examined under a dissecting 
microscope and multiple root tip sections were examined 
at high magnification under a compound microscope. No 
evidence of mycorrhizal colonization was observed. 

At each site (LM and HD) 60 1 x 2 m plots were 
randomly located along four transects oriented cross-slope. 
At the LM site, four seedlings of each species (Quercus 
rubra and Q. prinus) were planted evenly spaced within 
each I x 2 m plot. At the HD site Q. rubra and Pinus rigida 
were planted, again with four seedlings per plot. There were 
too few P. rigida seedlings surviving to analyze after the 
flTst growing season. One randomly chosen seedling from 
each species/site set (Q. rubra at LM and HD; Q. prinus at 
LM) was harvested from each plot with surviving seedlings 
in mid-July and again in early September, 2001. Herbivores 
eliminated all seedlings from some plots. At the time of 
harvest, each seedling was carefully removed and bagged 
with the roots and surrounding soil as intact as possible. 
After transportation to the lab, the seedlings were stored at 
approximately 5°C until processed. 

Mycobiont sampling 

Samples were collected in mid-July and again in early 
September, 2001. Repeated sampling of the plots over 
additional seasons was not undertaken because examining 
seasonality was a secondary objective in a multifaceted 
project exploring the relationship of EM mycobiont 
assemblages to site characteristics, host species, and 
evergreen ericoid shrub presence (Walker et al. 2005; Beier 
et al. 2005). These additional objectives strongly influenced 
the development of our experimental design. 

From the first harvest (July), half of the plots were 
systematically chosen for mycobiont sampling by using a 
seedling from every other plot along each transect (30 plots 
at each site). For the second harvest, all plots with surviving 
seedlings were sampled (58 plots at each site). The first 
harvest seedling sample totals were 30 Quercus rubra 
seedlings from the HD site, 30 Q. rubra seedlings from the 
LM site, and 30 Q. prinus seedlings from the LM site. 
From the second harvest seedling sample totals were 58 Q. 
rubra seedlings from the HD site, 58 Q. rubra seedlings 
from the LM site, and 53 Q. prinus seedlings from the LM 
site. 

The soil was removed from the root system of the 
seedlings manually. Each root system was examined under 
a dissecting microscope and all mycorrhizal root tips 
(excluding those colonized by C. geophilum) were picked 
free of debris, removed with tweezers, and stored frozen in 
100 J..ll 2x CTAB buffer. Those colonized by C. geophilum 
were excluded from the molecular characterization because 
they were quantified reasonably accurately by morphology. 
All seedlings were processed within 2 weeks from the time 
of harvest. Due to the high diversity of mycobionts, 
morphotyping of additional samples was not feasible. We 
purposely oversampled root tips that showed signs of 
potential mycorrhization but were not well developed to 

maximize the recovery of EM fungi from the seedlings. 
Excluding Cenococcum geophilum, there were 284 and 

309 root tip samples (593 total) from the flTst and second 
harvests, respectively. Multiple (3-4) PCR attempts were 
made at various template concentrations for all unamplified 
samples. Of the 593 root tips sampled, 291 were success
fully sequenced (49%). The somewhat low proportion 
successfully sequenced is reflective of the oversampling 
of poorly colonized root tips as well as standard issues with 
amplification and multiple templates in uncloned samples. 
There were 1,618 and 5,912 C. geophilum root tips 
observed from the flTst and second harvest, respectively. 

DNA was extracted from each root tip using CTAB 
buffer with chloroform/isoamyl alcohol following standard 
procedures (Hibbett and Vilgalys 1993). After extraction, 
the nuclear 5.8S rRNA gene and the flanking internal 
transcribed spacer regions I and II were amplified by PCR 
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with primers ITSIF and ITS4 (Gardes and Bruns 1993; 
White et al. 1990). After purification of the PCR products 
with QIAquick PCR Purification Kits (QIAGEN, Valencia, 
CA 91355), sequencing reactions were run using the same 
primers and ABI PRISM® BigDye™ Terminators Cycle 
Sequencing Kits (Applied Biosystems, Foster City, CA 
94404, USA). Sequences were read in either the forward or 
reverse direction initially. The complimentary reaction was 
only run for those samples that produced ambiguous reads 
in the initial direction. Final amplification products were 
cleaned and sequenced by the Virginia Bioinformatics 
Institute Core Lab Facility (Virginia Tech, Blacksburg, VA 
24061--0477, USA) using an ABI automated sequencer. 
Sequences were assembled into sequence types that shared 
97% or greater similarity, and were manually edited. 
Unique ITS-types were compared with sporophore voucher 
sequences by blast searching against GenBank and private 
sequence databases (Jeri L. Parrent and Rytas Vilgalys, 
Department of Biology, Duke University) for identification. 

Names for ITS-types are derived from the closest 
matching sporophore voucher sequence. The taxonomic 
specificity of the name reflects the authors' opinion based 
on the amount of sequence data available for the group, the 
apparent heterogeneity of the ITS regions in the group, and 
the level of match between the sample and voucher 
sequences. Additional information and references on 
identifications can be found by referring to the GenBank 
accession numbers. 

Analytical methods 

Due to the much higher frequencies and abundances for C. 
geophilum, differences between the mean abundance and 
relative frequency of EM root tips from the two sample 
periods were analyzed separately for C. geophilum and all 
other taxa. A full factorial analysis was not possible 
because Q. prinus was not planted at the HD site. 
Therefore, t tests were used to compare summer vs. early 
fall samples from each tree species at each site (SPSS 13 for 
Windows). Abundance of C. geophilum was analyzed 
based on observed morpho type abundance. For taxa other 
than C. geophilum, the abundance of root tip samples 
sequenced from each seedling was used for the analyses. A 
number of possible factors could be responsible for the 
absence of successfully sequenced samples on many of the 
seedlings (e.g., poor growing conditions, loss of root tips 
during harvest, poor condition of EM root tips, and 
amplification problems). Therefore, separate analyses of 
abundance were conducted both with and without seedlings 
with only C. geophilum present. In addition, the mean 
relative frequencies (proportion of seedlings with taxa other 
than C. geophilum the type was recovered from) for all EM 
types identified other than C. geophilum in the summer vs. 
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the early fall were arcsine transformed and compared using 
a t test. 

Indicator species analysis, multi-response permutation 
procedures (MRPP), and detrended correspondence analy
sis (DCA) were conducted using PC-ORD Multivariate 
Analysis of Ecological Data version 3.0 for windows 
(McCune and Medfford 1997). Indicator species analysis 
was performed using the method of Dufrene and Legendre 
(1997), which is based both on the abundance and 
frequency of species in a priori groups. The indicator 
species analysis uses a Monte Carlo technique to test 
statistical significance based on repeated randomizations 
(1,000 in this study) of the dataset, such that P values 
represent the probability of a higher maximum indicator 
value arising randomly. The indicator value (1) is a measure 
of both the relative abundance and reliability of occurrence 
of the taxon in the group, and ranges from 0-100 (100 
representing perfect indication). Indicator values were 
compared for all types in the midsummer vs. the early fall. 

MRPP (a nonparametric test that compares heterogeneity 
within predefined groups) was calculated using the Sorensen 
coefficient. The weighting factor applied to the items in each 
group was nlsum(n) where n is the number of items in the 
group. Agreement values (A) are dermed as 1 - (observed 
delta/expected delta). Agreement values approaching 1 
indicate groups with very similar samples, and negative A 
values occur when groups are less similar than expected by 
chance. P values represent the chance of a smaller or equal 
delta. The MRPP test was used to compare the overall 
assemblages in the midsummer vs. the early fall. 

For the DCA ordination, the site frequency for each ITS 
type was defined as the number of plots from which the 
type was isolated from a seedling at a given site regardless 
of harvest date. Seasonal frequency was recorded as the 
number of plots from which the type was isolated on that 
sample date regardless of site. Frequencies for each type
site and type-sample date were entered as a matrix used for 
DCA with the "downweight rare species" option. Euclidean 
distance was used for coefficients of determination (R2

). 

Results 

Potential seasonal shifts in the EM assemblage on oak 
seedlings in this system are apparent despite the high 
diversity in relation to sample size (Figs. 1, 2, and 3). A 
total richness of 74 EM fungus ITS types were sequenced 
from oak seedling root tips. Thirty-two types were 
recovered only in mid-July, 25 types were recovered only 
in early September, and 17 types were recovered from both 
harvests (Table I). Of the 31 types recovered from more 
than one plot, 45% occurred on only one sample date 
(Fig. 2). Three Amanita types were present in the 
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Fig. 1 Richness of ITS types for major ectomycorrhizal groups 
sequenced from oak seedlings in midsummer and early fall. Summer 
types are plotted above the origin, fall types are plotted below the 
origin. The number of types occurring only in summer or fall samples 
and in groups with> I type in either season is shown 

midsummer samples from the LM site, while there were 
none in the late summer halVest (Fig. 1). No bolete types 
occurred only in the autumn samples (Table 1). Thelephoroid 
and tomentelloid types (listed as Thelephoraceae if unre
solved at the generic level) were three times richer in the 
midsummer samples, with nine types, than in the late 
summer (Fig. 2, Table 1). Cortinarius types were primarily 
recovered in the early fall (one type in summer, nine types in 
fall) (Fig. 2, Table 1). C. geophilum was recovered from all 
seedlings on both sample dates. Previously reported results 
indicated that there was no difference in EM diversity (H= 
2.36 vs. 2.48) or composition detectable between the two 
seedling species, and that EM diversity was slightly higher at 
the LM site compared to the HD site (H=2.6 vs. 2.14) 
(Walker et al. 2005). 

Excluding C. geophilum, the abundance of EM samples 
identified per seedling was significantly lower (P<0.05) in 
the early fall for both oak species at the LM site (Q. rubra 
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Fig. 2 Frequency of ITS types for ectomycorrhizal fungi sequenced 
from oak seedlings in midsummer and early fall. Summer types are 
plotted above the origin, early fall types are plotted below the origin. 
For early fall samples, the shading indicates spatial overlap with 

early fall = 1.8, summer = 2.6; Q. prinus early fall = 1.5, 
summer = 3.4). At the HD site there was also a trend with 
less abundance in the early fall on the Q. rubra seedlings, 
however, it was not significant (early fall = 2.0, summer = 

3.0). These results were congruent in analyses including or 
excluding seedlings with only C. geophilum. In contrast, for 
C. geophilum, significantly more colonized root tips were 
observed per seedling in the early fall on both oak species 
at the LM site (Q. rubra early fall = 24.9, summer = 16.5; 
Q. prinus early fall = 45.3, summer = 23.4; P<O.Ol) and on 
Q. rubra at the HD site (early fall = 36.6, summer = 13.5; 
P<O.Ol). The average relative frequency of all identified 
EM types other than C. geophilum (excluding seedlings 
with only C. geophilum) was significantly higher in the 
summer (3.5%) than in the early fall (2.0%; P<0.05). The 
relative frequency of C. geophilum was 100% on both 
sample dates. 

Because of the reduced abundance, we were able to 
sample more plots in the early fall within the time 
constraint for DNA preservation. This spatial bias dramat
ically increased the richness of EM fungi recovered in the 
early fall. Aside from richness, however, there was no 
evidence of spatial bias in our estimation of seasonal 
dynamics based on all samples. Ninety percent of the 
Cortinarius types recovered only in the early fall were 
sampled from plots that were also sampled in the summer 
(Fig. 2). Of the types recovered in both seasons, half were 
from plots in the early fall that were not sampled in the 
summer (Fig. 2). Recovery of groups notably absent in the 
early fall would have been more likely due to the increased 
area sampled in the early fall, whereas the higher 
abundance and frequency in the summer would have 
enhanced the likelihood of finding early fall groups in the 
summer. 

Significant indicator species for summer included 
Corticiaceae #01 (/ for summer = 10, early fall = 0; P= 

summer plots-frequency of early fall types recovered from plots that 
were also sampled in the summer are lighter gray; frequency from 
plots only sampled in the early fall are darker gray. Asterisks represent 
significant indicator species; * P<O.l 0; ** P<0.05 
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dence analysis (DCA) ordina
tion of EM fungus ITS types 
from oak seedlings out-planted 
in two mature mixed forest sites 
in the southern Appalachian 
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by season (July, September). 
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and by sample date (triangles, 
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Asterisks represent statistically 
significant indicator species; 
*P<O.lO; **P<0.05 HYDNElll THElEPH2 

LACHNUMl THElEPH4 
lac laea" 

... -
HD 

AMPHINEM 
CORTIN08 
lACTAR4 
lACTAR6 C\I 

+ -
(/J LACTAR2 
'x PHIAl01 THElEPH5 June « THElEPH9 6. 

fUSSUl01 TREMElll* 

RUSSUlO3 TRICHOl1 
RUSSUlO5 TRICHOl2 

T I THElEPH6 ~LM 
RUSSUl02** 

/l 

Cenococ 
... LACTAR3 

TomCzyg 

Tom_terr 
+ 

TUBER1 ~Sept ... RUSSUlO6 
+ 

+ 
RUSSUl07 
RUSSUll0 
TERFEZI1 
THElEPH7 

+ 
CANTHAR1 

RUSSUl11 
+ 

RUSSUl04 
CLAVAR1 

+ 
RUSSUl09 

BOlETE2 + 
AlBATREl + 

TUBER2 + ... ... CORTIN10 
-+ 

HEBElOM1 LACTAR5 

Fall LMGroup 
CORTIN03 CORTIN09 THElEPH8 
CORTIN04 CORTIN11 TOMENT2 
CORTIN05 RUSSUl08 TREMEll3 
CORTIN06 ... TRICHOl3 PEZlZA1 
CORTlN07 + 

0.0250), Laccaria cf laccata (J for summer = 12, early 
fall = 1; P=O.044), and Russula #02 (J for summer = 11, 
early fall = 0; P=0.0260). Two of the significant summer 
indicators showed no site affinity (Corticiaceae #01 and 
Laccaria cf laccata). These taxa were recovered from both 
sites and both seedling species, yet were primarily 
recovered only in the summer. Russula #02, also a 
significant summer indicator, was recovered primarily from 
the LM site, but also occurred on both oak species. Note 
that Russula #02 had a frequency of one in the early fall 
(Fig. 2) even though the / value based on the relative 
abundance and relative frequency rounds to zero. Margin
ally significant indicator species included Thelephoraceae 
#03 (/ for summer = 8, early fall = 0; P=0.0610), 
Tomentella #03 (J for summer = 8, early fall = 0; P= 
0.0690), and Tremellodendron #01 (J for summer = 8, early 
fall = 0; P=0.0620). There were no significant indicator 
species for early fall. Potential early fall indicators with 
distributions similar to the significant summer indicators 
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were not statistically supported because more seedlings 
were sampled in the early fall. At the overall group level 
(based on all taxa with no taxonomic constraints), MRPP 
showed no difference in assemblages by season (A=-0.005, 
P=0.86). 

Grouping of EM types is apparent at the site level and 
within sites at the sample date level in the ordination; 
however, these groups are primarily composed of very 
infrequent taxa (Fig. 3). Generalistic fungi lacking site 
affinity and seasonality are located in the center of the 
ordination (Fig. 3). Several taxa were recovered primarily 
in the summer (Corticiaceae #01 and Laccaria cf laccata) 
or early fall (e.g., Clavariaceae #01 and Russula #09) but 
showed little site affinity. The DCA ordination coefficients 
of detennination for the correlations between ordination 
distances and distances in the original n-dimensional space 
(an index of the percent of variation in the distance matrix 
explained by the axis) were axis 1 R2=0.535, axis 2 R2= 
0.329, and axis 3 R2=-o.015. The cumulative R2 for the 
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Table 1 ITS types for ectomycorrhizal fungi sequenced from oak Table 1 (continued) 
seedlings in midsummer and early fall 

Summer Only Fall Only Summer and fall 
Summer Only Fall Only Summer and fall 

Russula #01 Russula #09 cf Tuber #02 
Amanita #02 Amphinema #0 1 Albatrellus #0 1 (AY656941; (AY656978; (AY656959; 

(AY656923; (AY656917; (AY656960; RUSSUL01) RUSSUL09) TUBER2) 
AMANITA2) AMPHINEM) ALBATREL) Russula #03 Russula #10 

Amanita cf Clavariaceae #01 Bolete #01 (AY656943; (AY656976; 
gemmata RUSSUL03) RUSSULI0) 
(AY656924; (AY730686; (AY656925; Russula #05 Russula #11 
Aman~em) CLAVAR1) BOLETE1) (AY656945; (AY656977; 

Amanita Cortinarius #03 Bolete #02 RUSSUL05) RUSSULll) 
DFM01078a 

Thelephoraceae #01 cf Terjezia #01 
(AY656916; (AY656929; (AY656926; (AY656947; (AY656921; 
AMANITA3) CORTIN03) BOLETE2) THELEPHl) TERFEZll) 

Athelia cf neuhoffii Cortinarius #04 Cantharellaceae #01 Thelephoraceae #02 Thelephoraceae #07 
(AY656918; (AY656930; (AY656927; (AY656979; (AY656981; 
Athel_ne) CORTIN04) CANTHARl) THELEPH2) THELEPH7) 

Bolete #03 Cortinarius #05 Hebeloma #01 Thelephoraceae #03 Thelephoraceae #08 
(AY656922; (AY656965; (AY730685; (AY656948; (AY656982; 
BOLETE3) CORTIN05) HEBELOM1) THELEPH3) THELEPH8) 

Boletus auripo7US Cortinarius #06 Laccaria cf Thelephoraceae #04 Tomentella #02 
laccata (AY656980; (AY656984; 

(AY656919; (AY656966; (AY656938; THELEPH4) TOMENT2) 
Bol_auri) CORTIN06) LacJaca) Thelephoraceae #05 Tremellodendron #03 

cf Tzrmania #01 Cortinarius #07 Lactarius #03 (AY656949; (AY656985; 
(AY656920; (AY656967; (AY656971; THELEPH5) TREMELL3) 
TIRMANIl) CORTIN07) LACTAR3) Thelephoraceae #06 Tricholoma #03 

Corticiaceae #01 Cortinarius #08 Lactarius #05 (AY656950; (AY656988; 
(AY656928; (AY656968; (AY656973; THELEPH6) TRICHOL3) 
CORTICIl) CORTIN08) LACTARS) Thelephoraceae #09 

Cortinarius #02 Cortinarius #09 Lactarius (AY656983; 
chrysorheus THELEPH9) 

(AY656964; (AY656969; (AY656937; Tomentella #03 
CORTIN02) CORTIN09) Lact_cbr) (AY656963; 

Entolomataceae #01 Cortinarius # 1 0 Russula #02 TOMENT3) 
(AY656932; (AY656961; (AY656942; Tomentella cf 
ENTALOM1) CORTIN 10) RUSSUL02) sublilacina 

Gautieria #01 Cortinarius #11 Russula #04 (AY656953; 
(AY656933; (AY656931; (AY656944; Tom_subl) 
GAUTIER1) CORTIN 1 1) RUSSUL04) Tremellodendron #01 

Gautieria #02 Lactarius #04 Russula #06 (AY656955; 
(AY656970; (AY656972; (AY656962; TREMELL1) 
GAUTIER2) LACTAR4) RUSSUL06) Tremellodendron #02 

Hydnellum #01 Lactarius #06 Tomentella #01 (AY277943; 
(AY656934; (AY656974; (AY656951; TREMELL2) 
HYDNELLl) LACTAR6) TOMENT1) Tricholoma #01 

Lachnum #1 Peziza #01 Tomentella cf (AY656986; 
terrestris TRICHOLl) 

(AY656935; (AY656939; (AY656954; Tricholoma #02 
LACHNUM1) PEZlZA1) Tom_terr) (AY656987; 

Lactarius #02 Russula #07 Tomentellopsis TRICHOL2) 
zygodesmoides 

(AY656936; (AY656975; (AY656952; Genbank accession number and type code used for figures are listed in 

LACTAR2) RUSSUL07) Tomt_zyg) parentheses below each type. 

Phialophora # 1 Russula #08 cf Tuber #01 a Duke Forest Mycological Observatory sporophore voucher number 

(AY656940; (AY656946; (AY656958; 
PHIALOl) RUSSUL08) TUBERl) 
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first two axes shown (Fig. 3) equaled 0.848. Neither axis 
was directly aligned with the variability across seasons or 
sites. 

Discussion 

These data are all congruous with the idea of alternate EM 
fungus assemblages for the early and late portions of the 
growing season. However, the results must be considered 
preliminary due to the lack of replication over multiple 
years and the lack of statistical power due to the high 
diversity and rarity of EM types recovered. Even if the 
results of our study represent systematically structured 
intra-annual variation that is not directly related to factors 
that vary consistently across the growing season, they 
suggest that EM fungus associations are even more 
dynamic than typically considered. More importantly, these 
results indicate that EM communities in this system cannot 
be adequately characterized based on samples taken at a 
single time in the growing season. 

Community composition 

Cenococcum geophilum, known to be a generalis tic 
mycobiont, was present on all the seedlings in both 
midsummer and fall but was most abundant in the early 
fall. Dominance by C. geophilum has commonly been found 
in variety of forest ecosystems (Bird and McCleneghan 
2005; Izzo et al. 2005; Peter et al. 2001; Jonsson et al. 1999). 
However, it is unclear what effect C. geophilum may have 
had on the diversity or abundance of other EM types. In 
addition, previous work in this system and others has 
indicated that C. geophilum colonization levels in some 
cases are dependant on non-seasonal factors such as the 
presence of dense ericoid shrub thickets (Walker et al. 1999), 
host taxa (Walker et al. 1999; Malloch and Malloch 1981), 
and disturbance Antibus (1980) or drought (Pigott 1982; 
Worley and Hacskaylo 1959). 

In contrast, types other than C. geophilum were more 
abundant and frequent in the midsummer EM samples. 
Higher abundance and relative frequency of taxa other than 
C. geophilum in the midsummer vs. the early fall may have 
been driven by weather patterns or other environmental 
factors that vary non-cyclically among seasons, as was 
found for example by Blasius et al. (1990). Given that EM 
root tip turnover would likely be necessary for seasonal 
patterns in mycobiont community composition to develop, 
long-tenn studies of EM root tip dynamics are needed to 
separate effects of seasonally-dependant from seasonally
independent factors. 

In these preliminary results, the major groups of EM fungi 
seemed to change between summer and early fall samples. 
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Although these trends clearly cannot be extrapolated to 
higher taxonomic groups because of the relatively small 
number of taxa involved, it appeared that in some cases, 
different groups of closely related species were present in the 
midsummer vs. the early fall. The dominant group appeared 
to shift from members of the Thelephoraceae in the summer 
to Cortinarius spp. in the early fall (Figs. 1 and 2). In the 
genus Cortinarius, of seven types that occurred only once, 
six occurred only in the early fall. In addition, no Cortinarius 
type occurred more than once in the summer, whereas three 
did in the early fall. Members of the Russulaceae were 
distributed equitably among seasons, however, Amanita spp. 
and boletes were found predominantly in the summer 
(Figs. 1 and 2). 

Hence, the apparent changes in composition of the EM 
assemblages between sample dates seem to follow the 
systematic affinities of the shifting types, which is 
noteworthy because closely related taxa are likely to have 
similar environmental tolerances and growth strategies. In 
previously reported results, no systematic patterns were 
apparent when comparing the structure of EM assemblages 
at the two sites and on the two oak species (Walker et al. 
2005). We are not aware of any previous reports based on 
species level identification of EM types where high 
temporal variability appears to be systematically structured. 
For example, Stendell et at. (1999) sampled EM fungus 
types (by soil cores) in May in consecutive years and found 
apparent changes in the assemblage, even though samples 
from consecutive years were frequently only 25 cm apart. 
However, the changes in species composition (Stendell et 
al. 1999) appeared random and did not reflect an apparent 
systematic shift in dominant groups such as we report. 

However, because of the high level of spatiotemporal 
variation and the large number of rare species, this apparent 
systematic trend must be interpreted cautiously. Ultimately, 
much larger sample sizes will be needed to properly assess 
the importance of these trends based on groups of 
infrequent but closely related taxa. There was no statistical 
support for differences at the overall assemblage level by 
season (MRPP), and the high diversity and low frequency 
of taxa other than C. geophilum severely limited the power 
of the analysis. Therefore, it remains somewhat unclear 
whether the apparently obvious systematic trend is an 
artifact that arose randomly or whether the lack of 
significance is merely due to low statistical power. 
Spatiotemporal variation was exceptionally high in this 
system (Walker et al. 2005) and this type of difficulty in 
interpretation due to high levels of spatiotemporal variation 
is often encountered in EM community studies (Horton and 
Bruns 2001). 

Although much additional work is needed to adequately 
characterize the reliability of systematic seasonal patterns in 
this system, the appearance of different clusters of closely 
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related infrequent taxa on the two sample dates implies 
potential partitioning of the EM community associated with 
the seedlings within the growing season. Additional 
research testing whether this pattern can be observed in 
repeated samples over multiple seasons would be a valuable 
addition to our understanding of potential seasonal dynam
ics. For this system, by targeting the groups and taxa 
indicated and sequenced by this study (e.g., the thelleph
oroid and cortinarioid groups) with molecular probes or 
microarrays, it may be possible to generate substantially 
larger sample sizes and a more intensive sampling scheme 
throughout the season. 

The morphotyping work by van der Heijden and Vosatka 
(1999) also indicated seasonal shifts in generic types; 
however, they did not emphasize these results because of 
the potential for spatial variation within field sites and 
unknown composition of the generic morphotypes. Data 
were only presented for a handful of dominant types, 
whereas 15 types were documented and 78 sporophore 
species were present. In a separate publication, van der 
Heijden et al. (1999) posit that their Cortinarius type might 
comprise up to 30 species. Of particular interest, however, is 
their observation that the Cortinarius spp. group only formed 
abundant myconhizae in the autumn. This corroboration 
between the fme scale results in our study and broader 
ranging coarser scale results from S. repens stands suggests 
that seasonal dynamics in EM communities may occur in at 
least two disparate ecosystems. 

Indicator species 

There is a high proportion of rare species in our data, and 
especially rare types should not be considered to have high 
seasonal fidelity based on their placement in the ordination 
(Fig. 3). Much larger sample sizes will be required to 
further develop our understanding of seasonal dynamics of 
these rare types. For more common types, several taxa were 
statistically supported as indicators of the midsummer 
sampling. Of these, Laeearia cf laeatta and Corticiaceae 
#1 (cf Piloderma bieolor) are typically considered as 
generalists, and these taxa occurred on both seedling 
species and at both sites. However, based on these 
distribution patterns and the significance of the indicator 
values, these taxa seemed to have formed EM associations 
primarily in the midsummer. Although these results are 
congruent with seasonally partitioned variation, whether 
this pattern is repeatable over multiple seasons and at larger 
geographic scales needs to be assessed. 

Several other individual dominant types did not follow a 
seasonal pattern (e.g., Tuber #01). Types that were 
recovered in both the midsummer and early fall harvests 
were also very frequently recovered at both sites (Figs. 2 
and 3). A comparison of the environmental tolerances of 

these ubiquitous types to those of the significant indicators 
would add greatly to our understanding of potential 
seasonal dynamics in this system. In addition, rare types 
may likely be more specialized and therefore may have the 
greatest potential as seasonal indicators but will require 
much larger sample sizes to document. 

Ecological considerations 

The implication of seasonal dynamics in EM fungus commu
nities impacts how we think of nutrient flux between plants 
and fungi involved in EM associations. Based on the number 
of EM types per seedling in our study, seasonal carbohydrate 
drain by EM fungi may peak in the in midsummer or earlier, 
but could be extended throughout the season by a progression 
of fungi. Shifting EM fungi throughout the growing season 
could provide the phytobiont with an adaptable assemblage 
with greater plasticity with regard to associated changes in 
environmental conditions over the course of the growing 
period, potentially enhancing nutrient and water uptake for the 
plant. van der Heijden and Vosatka (1999) also hypothesized 
that seasonal shifts among EM types (and among AM and 
EM fungus types) by Salix repens contributes to the 
ecological plasticity of the phytobiont. Thus, it appears likely 
that the adaptability of the root-soil interface, which is 
mediated by EM fungi in this system, would be enhanced by 
seasonal dynamics of the fungi. 

A possible mechanism for temporal shifts in EM 
assemblages has previously been discussed by Bruns 
(1995) and Izzo et al. (2005). They propose that root 
turnover, stochasticity and fine scale disturbance associated 
with root tip emergence, and mycelial dieback could be 
factors that lead to temporal transitions. In association with 
these factors, intra-annual variability in EM assemblages 
(whether seasonal or non-cyclical) could also be driven by 
differences in environmental tolerances of EM types or 
differences in foraging strategies (Agerer 2001). Changes in 
the relative size or activity level of the EM thalli could 
result in variable colonization levels even if the thalli do not 
completely die off over the season. 

Seasonal patterns of sporophore production are well 
known for many EM fungus species. Virtually nothing is 
known, however, regarding the relationship between timing 
of sporophore production and root colonization and 
turnover events. The increase in Cortinarius types in the 
early fall (Table 1) we report is remarkably consistent with 
generally known seasonal sporophore production patterns 
for the region. Species-specific identifications of our ITS 
types as additional sporophore voucher sequences become 
available would help clarify these patterns. 
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