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Thormann, M. N. 2006. Diversity and function of fungi in peatlands: A carbon cycling perspective. Can. J. Soil Sci. 86:
281-293. Peatlands are a dominant landform in the northern hemisphere, accumulating carbon in the form of peat due to an imbal-
ance between decomposition and plant production rates. Decomposer (saprobes) and mycorrhizal fungi significantly influence car-
bon dynamics by degrading organic matter via the synthesis of extracellular enzymes. As organic matter decomposes, litter quality
variables figure most prominently in the succession of fungi. Hence, litters composed primarily of complex polymers decompose
very slowly. Surprisingly, recalcitrant polymer degraders (mostly basidiomycetes) are rarely isolated from peat, which may explain
the accumulation of complex polymers in peat profiles. While enzymatic profiles of mycorrhizal fungi and other root endophytes
may be more limited compared with saprobes, many of these fungi can degrade polymers of varying complexity as well and hence
may also be significant decomposers of organic matter. To date, anamorphic ascomycetes and zygomycetes are the most frequently
isolated fungi from peatlands (63 and 10% of all taxa, respectively), and chytridiomycetes, teleomorphic ascomycetes, and basid-
iomycetes appear to be less common (11% of all taxa). The remaining 16% of taxa remain unidentified or are sterile taxa. How
disturbances affect peatland microbial communities and their roles is virtually unknown. This aspect of peatland microbial ecolo-
gy requires immediate attention. The objective of this paper is to review the current state of knowledge of the diversity of fungi
and their roles in carbon cycling dynamics in peatlands.

Key words: Peatlands, fungi, carbon dynamics, diversity, functions, saprobes, mycorrhizas

Thormann, M. N. 2006. La diversité et le role des champignons dans les tourbiéres vus sous ’angle du cycle du carbone.
Can. J. Soil Sci. 86: 281-293. Les tourbieres figurent parmi les principales formes de relief dans I’hémisphere nord. Elles accu-
mulent du carbone sous la forme de tourbe, produit du déséquilibre entre le taux de décomposition et le taux de production des
végétaux. Les microorganismes décomposeurs (saprobiontes) et les champignons des mycorhizes ont une action considérable sur
la dynamique du carbone, car ils dégradent la mati¢re organique par la synthese d’enzymes extracellulaires. Lorsque la matiere
organique se décompose, ce sont les parametres qualitatifs des détritus végétaux qui commandent le plus la succession de
champignons. C’est pourquoi les débris essentiellement composés de polymeres complexes se décomposent tres lentement.
Pourtant, il est surprenant qu’on isole si rarement les saprobiontes des polymeres récalcitrants (surtout des basidiomycetes) de la
tourbe, ce qui expliquerait I’accumulation de polymeres complexes dans cette derniere. Bien que le profil enzymatique des
champignons des mycorhizes et d’autres endophytes des racines soit plus étroit que celui des saprobiontes, bon nombre de ces
champignons dégradent aussi des polymeres de complexité variable. Ils pourraient donc étre d’importants décomposeurs de la
matiere organique. Jusqu’a présent, les champignons qu’on retrouve le plus souvent dans les tourbieres sont des ascomycetes
anamorphes et des zygomycetes (63 % et 10 % des taxons, respectivement), les chytridiomycetes, les ascomycetes t€l€éomorphes
et les basidiomycetes semblant moins fréquents (11 % des taxons). Les taxons restants (16 %) n’ont pu étre identifiés ou sont des
taxons stériles. On ne sait presque rien sur la maniere dont les perturbations affectent la microflore des tourbieres et en modifient
le role. Il conviendrait de se pencher immédiatement sur cet aspect de la micro-écologie des tourbieres. L’article fait le point de
nos connaissances sur la diversité des champignons et de leur role dans la dynamique du cycle du carbone dans les tourbieres.

Mots clés: Tourbitres, champignons, dynamique du carbone, diversité, fonctions, saprobiontes, mycorhizes

Wetlands cover about 4% of the world’s and 14% of
Canada’s landscape (National Wetlands Working Group
1988). The Canadian Wetland Classification System recog-
nizes five distinct wetland classes: bog, fen, marsh, swamp,
and shallow open water (National Wetlands Working Group
1988). Of these, bogs and fens are the dominant wetland
classes, globally and in Canada, and are of particular impor-
tance to the global carbon (C) cycle (Gorham 1991).

Bogs are ombrotrophic ecosystems that receive water and
nutrients solely from precipitation. They are dominated by
species of Sphagnum mosses, Picea mariana (Mill.) BSP, and
members of the Ericaceae, including species of
Rhododendron, Andromeda, and Vaccinium. Fens are
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minerotrophic ecosystems that receive water and nutrients
from precipitation and ground and/or surface water flow. Fens
can be subdivided into poor and rich fens. Poor fens are char-
acterized by low mineral ion concentrations in the surface
water and few moss indicator species, most of which are
species of Sphagnum (Vitt 1994). Rich fens are characterized
by high mineral concentrations in the surface water and an

Abbreviations: DSE, dark septate endophyte; MRA,
Mycelium radicis atrovirens; PPO, polyphenol oxidases;
TC, total carbon; TN, total nitrogen; TP, total phosphorus;
VAM, vesicular-arbuscular mycorrhizas
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Fig. 1. Major carbon pathways in peatlands and the microbial groups (fungi, bacteria) responsible for the dominant biogeochemical processes.

increasing number of moss indicator species, including species
of Drepanocladus, Scorpidium, and Aulacomnium (*“brown”
mosses; Vitt 1994). Additionally, shrubs, such as species of
Salix and Betula, herbaceous plants, such as species of Carex,
and trees, including species of Larix and Picea, occur in poor
and rich fens (Vitt 1994; Szumigalski and Bayley 1996;
Thormann and Bayley 1997a).

Peatlands accumulate peat, a heterogeneous assemblage
of partially decomposed plant materials (about 45-50% C;
Clymo 1984; Clymo et al. 1998). Gorham (1991) estimated
that northern peatlands store between 180 and 277 Gt C (1
Gt = 10° t), which represents about 10 to 16% of the total
global terrestrial detrital C, emphasizing their importance to
the global C cycle. Peat accumulates because of an imbal-
ance between plant production and organic matter decom-
position (Clymo 1965; Malmer 1986; Vitt 1990).
Photosynthetically fixed C accumulates annually in the
acrotelm (oxygenated peat horizon) following leaf abscis-
sion, root and rhizome turnover, and bryophyte vertical
growth (litter production; Fig. 1). The highest rates of
decomposition, carried out by fungi and bacteria, occur in
the acrotelm and result in CO, efflux into the atmosphere;
however, most of the litter is only partially decomposed and
is “buried” by litter produced the following year(s). It ulti-
mately enters the catotelm (anaerobic soil horizon; Fig. 1),
where decomposition rates are very slow and organic matter
is decomposed only by anaerobic bacteria (Clymo 1984).
This results in CH, production, which subsequently enters
the atmosphere or is oxidized by aerobic methanotrophic
bacteria as it diffuses vertically through the acrotelm (Fig. 1;
Dedysh 2002; Wartiainen et al. 2003).

Despite the prevalence of peatlands in the northern hemi-
sphere and their importance to the global C cycle, little is
known about the microbial diversity and roles in these

ecosystems. It has long been suggested that fungi are the
principal decomposer microbes in many acidic ecosystems,
such as many peatlands, and assume a more dominant role
than bacteria (Kox 1954; Latter et al. 1967; Williams and
Crawford 1983). Several recent studies focused on the min-
eralization of C to produce CH, (Bubier et al. 1993; Roulet
et al. 1993), likely because CH, has greater global warming
potential than CO, (Intergovernmental Panel on Climate
Change 2001); however, CO, fluxes quantitatively far
exceed CH, fluxes from peatlands (Blodau 2002; Blodau
and Moore 2003). The objectives of this paper are to (1)
summarize the current knowledge of fungal species richness
in peatlands, (2) address the major roles of fungi in peat-
lands, (3) and indicate gaps in our understanding of fungal
communities and their influence on C dynamics and stocks
in peatlands.

FUNGAL SPECIES RICHNESS IN PEATLANDS
Microfungal communities (mycota) have been examined in
a variety of peatlands in Europe and North and South
America, investigating the mycota of hummocks and hol-
lows of bogs, fens, swamps, moors, muskeg, anthropogeni-
cally altered wetlands, and individual wetland plants (Table
1). From a taxonomic perspective, in excess of 860 individ-
ual records of microfungi from peatlands have been report-
ed, representing 648 different species. These were 408
anamorphic species with putative ascomycete affinities
(reproduce asexually only), 22 teleomorphic ascomycetes
(reproduce sexually), 25 basidiomycetes, 67 zygomycetes,
28 chytridiomycetes, and 106 taxa with unknown taxonom-
ic affinities, yeasts, and mycelia sterilia (sterile isolates;
Table 2).

Anamorphic ascomycetes were by far the largest group of
fungi isolated from peatlands (408 species, or 63% of all
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Table 2. Taxonomic profile of fungi from peatlands

Table 3. Dominant fungal taxa from peatlands

No. Different ~ Unidentified
Fungal group of records taxa taxa
Ascomycetes - anamorphic 566 408 170
Ascomycetes - teleomorphic 23 22 6
Basidiomycetes 25 25 12
Chytridiomycetes 30 28 7
Zygomycetes 118 67 15
Unidentified 106 - 106
Total 868 550 316

“Excludes unidentified taxa.

species; Table 2). Species of Penicillium and Acremonium
dominated this group (89 and 27 different species, respec-
tively), with P. frequentans Westl., P. purpurogenum Stoll,
P. spinulosum Thom, P. thomii Maire, and A. kiliense Griitz
being the dominant species. These two genera and the next
six most dominant genera comprise 194 different species,
which represents nearly half of the entire anamorphic
ascomycete species richness in peatlands (Table 3).
Zygomycetes were also very frequently isolated from peat
(67 different species, or 10% of all species; Table 2). In this
group, species of Mortierella (M. alpina Peyronel, M.
isabellina Oudem. & Koning, M. minutissima van Tieghem,
M. ramanniana (Méller) Linnem., M. vinacea Dixon-
Stewart) and Mucor (M. hiemalis Wehmer) comprise 80%
of all zygomycetes (Table 3). Several specific surveys for
chytridiomycetes yielded 28 species (4% of all species;
Table 2), with Rhizophydium, Phlyctochytrium, and
Septosperma being the dominant genera (61% of all chytrid-
iomycete species; Table 3). Teleomorphic ascomycetes (22
species, or 3% of all species) and basidiomycetes (25
species, or 4% of all species) were rarely isolated from peat.
Among the former group, species of Chaetomium,
Gelasinospora, Sordaria, and Thielavia predominated (68%
of all ascomycete species), while basidiomycete yeasts pre-
dominated the latter group (Cryptococcus and Rhodotorula
spp., 36% of all basidiomycete species; Table 3). Lastly,
106 records of fungi from peatlands remained unidentified
(mycelia sterilia and otherwise unidentified: 77 taxa; yeasts:
12 taxa; pycnidial: 7 taxa) or belonged to taxa with
unknown taxonomic affinities (10 taxa; Tables 2 and 3).

It is interesting to note that the majority of microfungi
isolated from peat and peatland plants are prolific sporula-
tors with fast growth rates, particularly species of
Penicillium, Trichoderma, Aspergillus, Verticillium,
Cladosporium, and the zygomycetes Mortierella and
Mucor. These taxa are easily cultured on most standard
media and under most growing conditions. This explains
their preponderance in almost all studies, irrespective of
location and substrate, and undoubtedly skews the species
list towards that group of fungi at the expense of slower-
growing and less prolific sporulators. Several groups of
fungi are underrepresented in almost all studies, including
yeasts, chytridiomycetes, basidiomycetes, and teleomorphic
ascomycetes. These groups are characterized by slower
growth rates and in some cases require special growth media
and conditions. While yeasts were frequently isolated, few

Fungal group Fungal genera/taxa No. of species

Ascomycetes - anamorphic Penicillium spp. 89
Acremonium spp. 27
Verticillium spp. 16
Aspergillus spp. 15
Trichoderma spp. 15
Fusarium spp. 14
Cladosporium spp. 11
Oidiodendron spp. 7
Ascomycetes - teleomorphic Chaetomium spp. 6
Gelasinospora spp. 3
Sordaria spp. 3
Thielavia spp. 3
Basidiomycetes Cryptococcus spp. 5
Rhodotorula spp. 4
Chytridiomycetes Rhizophydium spp. 9
Phlyctochytrium spp. 5
Septosperma spp. 3
Zygomycetes Mortierella spp. 34
Mucor spp. 19
Unidentified Mycelia sterilia 46
Yeast spp. 12
Unknown affinities 10

studies identified them to either genus or species. Only three
surveys for chytridiomycetes have been conducted to my
knowledge (Sparrow and Lange 1977; Zattau 1981;
Czeczuga 1993), and virtually all records of chytrid-
iomycetes from peatlands are unique. There may be a large
diversity of these mostly parasitic and saprobic fungal taxa
that have received little attention so far. Surprising also is
the under representation of basidiomycetes. Most basid-
iomycetes on record are yeasts and originated from a single
study in Russia (13 of 25 taxa; Polyakova et al. 2001), with
11 of the remaining 12 records originating from a second
study in Canada, most of which were not identified to genus
or species (9 of 11; Thormann et al. 2001b, 2004a).

ROLE OF FUNGI IN PEATLAND CARBON
CYCLING DYNAMICS

Saprobes

Fungi play fundamental roles in the decomposition process-
es of organic matter in all ecosystems and may be more
important than bacteria in wetlands from a functional per-
spective, because of their extensive hyphal growth habit,
faster growth rates, and ability to translocate nutrients
through their hyphal network. Five major “behavioural
groupings” of decomposer fungi have been recognized
(Table 4). Group 1 fungi, pathogens and weak parasites, can
tolerate host defence mechanisms but are generally poor
competitors in dead organic matter. These fungi access sim-
ple sugars and other storage compounds. Following the
senescence and death of plants, all organic matter is sequen-
tially colonized by pioneer saprobes (Group 2), followed by
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Table 4. Characteristics of “behavioural’” groupings of decomposer fungi (modified from Deacon 1997)

Group

1. Pathogens and weak parasites

— able to tolerate host defence responses

— generally access simple sugars and other storage compounds
— generally poor competitors on dead organic matter
— include species of Cladosporium, Aureobasidium, Botrytis, and Alternaria

2. Pioneer saprobes

— generally use simple sugars and other storage compounds

— fast growth rates, good competitors, short life cycles
— include mostly zygomycetes, e.g., species of Mucor and Mortierella

3. Polymer-degraders

— use structural polymers, including cellulose, pectin, and hemicellulose

— slower growth rates, able to “defend” substrates via antibiosis

— substrate-specialized

— may be tolerant to extreme conditions, e.g., high temperature, pH, or salinity
— include species of Fusarium, Chaetomium, Trichoderma, and Penicillium

4. Recalcitrant polymer degraders — specialized to use complex polymers, including lignin, tannins, and other polyphenolics
— slow growth rates, able to “defend” resources via antagonism or mutual exclusion
— access other nutrients previously unexplored

— includes species of basidiomycetes

5. Secondary saprobes

— opportunistic and commensal species

— tolerate metabolic by-products of other fungi

— may be antagonistic

— include species of Pythium, Mortierella, and others

simple polymer-degrading fungi (Group 3), and finally
degraders of recalcitrant polymers (Group 4). Secondary, or
opportunistic, saprobes (Group 5) are common throughout
the entire process of decomposition (Table 4; Deacon 1997).
Hence, from the point of senescence to complete decompo-
sition, all organic matter is colonized by a suite of saprobes
with specific enzymatic profiles and preferences for specif-
ic (non)structural C compounds. This succession has been
previously shown in a variety of litters, including leaves,
roots, cones, seeds, dung, and wood, in a variety of ecosys-
tems, including forests, wetlands, and grasslands (Wicklow
and Yokum 1981; Heilman-Clausen 2001; Lumley et al.
2001).

Fungi from all five behavioural groups of saprobes have
been previously isolated from peatlands; however, Group 4
fungi are rarely reported. This is significant, since it is this
group of fungi that is able to use the most complex structur-
al polymers, including lignin, tannins, unhydrolyzable
residues (also known as “Klason lignin”), and other
polyphenolics, which comprise up to 50% of the chemical
constituents of peat (Turetsky et al. 2000). There are two
reasons why this group is underrepresented in previous stud-
ies. First, it is possible that these fungi are naturally rare in
peatlands, which is contradicted by the preponderance of
conspicuous epigeous basidiomycete fruiting bodies in these
ecosystems; however, the majority of these basidiomycetes
may be ectomycorrhizal species of Picea, Larix, and Salix.
While these fungi can grow in vitro, they have limited abil-
ities to use complex polymers as C sources (e.g., Hutchison
1990; see below). The rarity of this group of fungi may par-
tially explain why organic matter accumulates in peatlands
and is not fully decomposed. Second, Group 4 fungi may be
abundant in peatlands, but previous isolation protocols may
have been inadequate. The dilution plating technique, pre-

dominantly used in the infancy of surveys of soil fungi,
selects towards those organisms that produce large quanti-
ties of propagules. In contrast, the particle plating technique,
which has been used more extensively in recent studies,
largely avoids that bias; however, other methodological
biases are introduced, such as the selectivity of primary iso-
lation media and subsequent culture conditions.

Decomposition of Organic Matter

Decomposition is a complex process, which includes nearly
all changes in organic matter that has undergone senescence
or death (Brinson et al. 1981). Leaching of soluble organic
matter precedes losses due to assimilation by microorgan-
isms or removal by animals. Decomposition is completed
with the loss of the physical structure and changes in the
chemical constituents of the remaining organic matter. The
rate of litter decomposition is affected by moisture, oxygen
availability, temperature, acidity, and the nutrient status of
ecosystems (primarily N- and P-related surface water chem-
istry variables; Brinson et al. 1981; Bartsch and Moore
1985; Farrish and Grigal 1988; Gorham 1991; Szumigalski
and Bayley 1996; Thormann and Bayley 1997a; Thormann
et al. 2001a). In addition, litter quality [total nitrogen (TN),
total phosphorus (TP), and total carbon (TC) tissue concen-
trations, TC: TN quotients] also affects the rate of decompo-
sition (Brinson et al. 1981; Bridgham and Richardson 1992;
Szumigalski and Bayley 1996; Thormann et al. 2001a), with
litters richer in TN and TP generally decomposing at faster
rates. From a mycological perspective, changes in litter
quality, the water potential of the litter, temperature, and pH
have been shown to affect fungal communities of various
substrates (Pugh 1958; Christensen and Whittingham 1965;
Pugh and Mulder 1971; Dix 1985; Nilsson et al. 1992;
Lumley et al. 2001; Thormann et al. 2003, 2004a).
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The Importance of Litter Quality

Macromolecules of plant origins comprise the primary sub-
strate available for fungal decomposers in terrestrial ecosys-
tems (Kjgller and Struwe 1992). Lignin, holocellulose, and
cellulose are the dominant structural polymers in plant tis-
sues (>80% of all C polymers; Swift et al. 1979). The
decomposition of these macromolecules by fungi is accom-
plished via the synthesis of a diverse suite of extracellular
enzymes, including cellulases, polyphenol oxidases (PPO),
pectinases, and amylases among others (Deacon 1997).
Many fungi have the ability to degrade simple molecules,
including starch; however, their ability to degrade complex
structural polymers (e.g., cutin, suberin, “Klason lignin”,
true lignin, and tannins) is limited (Domsch et al. 1980) and
has most often been ascribed to basidiomycetes and select
groups of ascomcyetes, such as taxa belonging to the
Xylariaceae. As organic matter decomposes, desirable nutri-
ents, such as N, P, amino acids, and simple sugars, become
scarce, while more complex structural polymers, such as
lignin and lignocellulose, increase proportionally in the lit-
ter (Deacon 1997). This generally results in a succession of
fungi, both taxonomically and functionally, as plant litters
decompose.

Taxonomic succession of fungi during the process of
decomposition has been observed in a variety of plant
species in terrestrial (Frankland 1966; Saitd 1966; Kasai et
al. 1995; Lumley et al. 2001) and wetland (Pugh 1958; Pugh
and Mulder 1971; Apinis et al. 1972; Fell and Hunter 1979;
Tanaka 1991; Tokumasu 1994; Thormann et al. 2003,
2004a) ecosystems. This succession of saprobic fungi
results in the decomposition of the substrate and may be due
to the process of facilitation, where species of a particular
behavioural group alter the substrate sufficiently to allow
other species to become established and form a subsequent
community (Lumley et al. 2001). In wetlands, the majority
of fungal community succession studies were conducted on
plants from marshes and swamps, which generally accumu-
late little or no peat. Species examined include the emergent
macrophytes Juncus roemaerianus Scheele, Carex panicu-
lata L., Typha latifolia L., and Phragmites communis Trin.
(Pugh 1958; Pugh and Mulder 1971; Apinis et al. 1972; Fell
and Hunter 1979; Tanaka 1991; Tokumasu 1994). Newly
emerged, senesced, and decomposed leaves were examined
in these studies; however, neither precise stages of decom-
position nor specific litter quality variables were correlated
with the fungal communities. In most cases, temperature
and moisture content of the litter were cited as environmen-
tal variables most significantly affecting the mycota. This is
not surprising, since these macrophytes often begin to
decompose in the standing position, where they desiccate,
prior to falling into the water column, where they then con-
tinue to decompose; however, most peatlands plants do not
decompose in this manner. Instead, their leaves abscise and
moisture is rarely a limited factor while they decompose.

In one of the very few studies that directly linked litter
quality changes of specific litters to their mycotas through-
out the process of decomposition in peatlands, Thormann et
al. (2003) found that distinct patterns of microfungal suc-
cession occurred in two of their five litters [Sphagnum fus-

cum (Schimp.) Klinggr. plants and Carex aquatilis
Wabhlenb. leaves], with litter quality variables correlating
most frequently with the respective fungal communities
(TP, TN, and TC tissue concentrations as well as litter
TC:TN quotients). Particularly elevated TP tissue concen-
trations figured prominently during the latter stages of their
decomposition period (365-730 days). In contrast, surface
water chemistry variables were of less consequence to the
mycota and only the pH and TP in the surface water corre-
lated positively with the mycota in S. fuscum. Contrary to
expectations, a clear succession pattern of functional groups
of fungi, previously demonstrated in other substrates (e.g.,
Wicklow and Yokum 1981; Heilman-Clausen 2001;
Lumley et al. 2001), was not observed by Thormann et al.
(2003), i.e., cellulose degraders did not precede lignin and
polyphenolic polymer degraders. Instead, microfungi with
broad enzymatic profiles co-existed and simultaneously
degraded their litters. They determined that species of
Mortierella (M. verticillata Linnem., M. horticola Linnem.),
Aspergillus [A. niger van Tieghem, A. versicolor (Vuill.)
Tiraboschi] and Trichoderma [T. harzianum Rifai, T. poly-
sporum (Link ex Pers.) Rifai] were among those isolated
exclusively from early-stage decomposing S. fuscum, while
Oidiodendron scytaloides Gams & Soderstrom, the
Sporothrix state of Ophiostoma stenoceras (Robak) Melin
& Nannf., Sporothrix sp. 1, M. isabellina, and species of
Acremonium [A. chrysogenum (Thisum. & Sukop.) W.
Gams, A. strictum W. Gams] appeared only in well-decom-
posed S. fuscum (Thormann et al. 2003). These taxa do not
reflect a taxonomic or functional pattern of succession.

It is difficult to ascertain the relationship between in vitro
and in situ enzymatic abilities of fungi, because in vitro
analyses present individual fungi with optimal, but highly
artificial, growth conditions, e.g., ample nutrients for
growth and no competition with other organisms.
Nonetheless, a positive test result indicates the potential of
that fungus to synthesize the specific enzyme(s) under
investigation. Enzymatic profiles have been developed for a
wide variety of fungi (see Domsch et al. 1980). Those from
decomposing S. fuscum are summarized in Thormann et al.
(2001b) and show that of 55 identified/isolated taxa, only 13
(24%) had the ability to degrade polyphenolic polymers.
These included species of Oidiodendron, four of ten mycelia
sterilia, three basidiomycetes, and seven anamorphic taxa
with putative ascomycetes affinities. The degradation of
polyphenolic polymers requires the synthesis of a suite of
different enzymes due to the complex arrangement of the
basic building blocks of these polymers, including PPOs,
laccase, peroxidases, and others. In contrast, 29 taxa (53%)
had the ability to degrade cellulose and 31 had the ability to
degrade starch (56%). Cellulose and starch degraders
included species of Acremonium, Penicillium, Trichoderma,
Verticillium, Mortierella, and several mycelia sterilia
(Thormann et al. 2001b). Cellulase and amylase are required
for the degradation of these polymers. Pectin, gelatin, chitin,
fats, and various other carbohydrates were degraded to vari-
able degrees (7-33%).

More recent approaches used sterilized, natural substrates
to assess the role of specific fungal taxa in the decomposi-
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tion of organic matter. Thormann et al. (2002) examined the
ability of nine frequently isolated fungi from S. fuscum to
cause mass loss of sterilized spruce wood chips and S. fus-
cum plant tissues. They showed that mass losses of the wood
chips generally exceeded those of the bryophyte tissues.
After 8 wk, a basidiomycete and an ascomycete caused the
greatest mass losses of the wood chips (10.2%) and S. fus-
cum plant tissues (5.1%), respectively. Expectedly, the
decay of organic matter is controlled by different mycotas,
likely using different approaches to access C and nutrients
from the organic matter (Tsuneda et al. 2001). Incidentally,
there was no relationship between their natural substrate
mass losses and in vitro enzymatic profiles of tannic acid,
cellulose, and starch degradation (Thormann et al. 2002).
This suggests that physiological profiles obtained from
calorimetric tests may have a limited use as an indicator of
the ability of specific fungi to decompose organic matter. In
fact, such relationships have never been shown previously
(Harper 1985; Bowen and Harper 1990).

Many fungi previously isolated from peatlands possess
broad enzymatic profiles (e.g., species of Trichoderma,
Verticillium, and Penicillium) and consequently are able to
degrade a wide variety of structural and storage polymers of
peat and peatland plants. Hence, they play crucial roles in
the mineralization of plant tissues and peat; however, over-
all, it appears that the most commonly isolated fungi have a
limited ability to degrade the most complex polymers
(Thormann et al. 2001b, 2002), which subsequently accu-
mulate in peatlands and increase in proportion with increas-
ing depth in the peat profile (Turetsky et al. 2000). Whether
these polymers are not degraded due to environmental con-
straints, such as low temperature or low oxygen concentra-
tions, or physiological constraints of the prevalent mycota
remains unclear.

Mycorrhizas and Other Root Endophytes

Mycorrhizas are mostly mutualistic associations between
fungi and the roots of higher plants, in which the fungi form
consistently recognizable and physically distinct associa-
tions without causing any perceivable negative effect
(Fernando 1995). It is thought that in excess of 90% of all
land plants are mycorrhizal, irrespective of environmental
conditions, climate, ecosystem, soil type, and vegetation
communities (Read 1991). There are five common types of
mycorrhizas: ectomycorrhizas, vesicular-arbuscular mycor-
rhizas (VAM), ericoid mycorrhizas, arbutoid mycorrhizas
(ectendomycorrhizas), and orchid mycorrhizas — the former
three being by far the most dominant ones in most ecosys-
tems, including peatlands. Detailed information on these
different types of mycorrhizas and their roles as nutrient
scavengers is provided elsewhere (Read 1991; Smith and
Read 1997; Read et al. 2004). Dalpé (2003) reviewed the
current state of mycorrhizal research in Canada. The wide-
spread occurrence of mycorrhizas suggests that they play
ecologically significant roles (Wetzel and van der Valk
1996; Nisholm et al. 1998; van der Heijden et al. 1998),
including the acquisition, storage, and translocation of nutri-
ents. Host plants frequently have elevated tissue concentra-
tions of N and P, show reduced wilting due to water stress

(Smith and Read 1997) or high salinity (Rozema et al.
1986), and have higher water-uptake rates than non-infected
plants (Smith and Read 1997). The significance of mycor-
rhizas has been shown in many studies, particularly in
stressed ecosystems, such as those at high altitude
(Haselwandter and Read 1982) and latitude (Kohn and
Stasovski 1990) and under nutrient-limited (Haselwandter
1987) or heavy metal pollution stress (Turnau et al. 2001).

The most comprehensive surveys of the mycorrhizal sta-
tus of wetland plants were conducted in marshes in
Connecticut, USA (Cooke and Lefor 1998) and along a bog-
fen-marsh gradient in central Alberta, Canada (Thormann et
al. 1999). The results among different studies are remark-
ably consistent. Briefly, all ericaceous plant species along
the wetland gradient were ericoid mycorrhizal (species of
Andromeda, Rhododendron, Vaccinium, and Oxycoccus).
This is not surprising, since the mycorrhizal status of mem-
bers of this family has been demonstrated numerous times in
the past (Malloch and Malloch 1982; Bledsoe et al. 1990;
Stoyke and Currah 1991; Treu et al. 1996; Hambleton and
Currah 1997), irrespective of the habitat (alpine, arctic,
boreal, parkland, and peatlands). All woody, non-ericaceous
plant species in all fens and bogs were ectomycorrhizal
(species of Picea, Larix, Salix, and Betula) (Thormann et al.
1999). The ectomycorrhizal status of these plants has been
previously demonstrated in boreal forest (Malloch and
Malloch 1981, 1982; Currah and van Dyk 1986), arctic
(Kohn and Stasovski 1990; Bledsoe et al. 1990; Treu et al.
1996), and alpine ecosystems (Haselwandter and Read
1982; Dhillion 1994). Hence, trees and shrubs appear to be
consistently ectomycorrhizal in many different ecosystems,
including peatlands. None of the dominant herbaceous plant
species along the bog-fen-marsh wetland gradient was VA-
mycorrhizal (Thormann et al. 1999). This was surprising,
since previous studies showed that some species of Carex
(Wetzel and van der Valk 1996; Cooke and Lefor 1998;
Miller et al. 1999; Turner et al. 2000; Bauer et al. 2003),
Typha (Stenlund and Charvat 1994; Cooke and Lefor 1998),
and various other, less dominant herbaceous plants were
VA-mycorrhizal (Currah and van Dyk 1986; Cooke and
Lefor 1998). These discrepancies can arise because of dif-
ferent sampling protocols, species examined, and sample
sizes.

Ericoid Mycorrhizal Fungi
Fungal strains belonging to the Hymenoscyphus ericae
(Read) Korf & Kernan — Scytalidium vaccinii Dalpé, Litten
& Sigler complex, species of Oidiodendron (most notably
O. maius Barron and O. griseum Robak) and an unnamed
variable white taxon (VWT), have been implicated most
often as being mycorrhizal fungi of members of the
Ericaceae (Read 1991; Hambleton and Currah 1997,
Hambleton et al. 1999; Monreal et al. 1999). Various addi-
tional taxa, including Phialocephala fortinii Wang &
Wilcox, have been isolated from roots of ericaceous plants
(Hambleton and Currah 1997); however, their function
remains speculative.

While ericoid mycorrhizal fungi are abundant in peat-
lands, their ability to use peat as a C source has received



288 CANADIAN JOURNAL OF SOIL SCIENCE

limited attention (Jefferys et al. 1953; Domsch 1960;
Bending and Read 1997; Rice and Currah 2001; Piercey et
al. 2002). Rice and Currah (2001) developed physiological
profiles of 22 strains of O. maius, isolated primarily from
ericaceous plants. They found that most of their strains had
the ability to use lignin, cellulose, chitin, starch, pectin, and
gelatin as C sources. Lipids were not used by any of their
strains. Jefferys et al. (1953) and Domsch (1960) showed
that O. griseum is able to use cellulose and starch as C
sources and Bending and Read (1997) showed the produc-
tion of peroxidases and PPOs, a suite of enzymes required
for tannic acid and lignin degradation. A more limited enzy-
matic profile was shown by H. ericae (Leake and Read
1989, 1990). Currah and Tsuneda (1993) showed that P. for-
tinii is lignolytic and laccase positive, indicating the ability
to use complex polyphenolic polymers as C sources. Hence,
ericoid mycorrhizal fungi appear to have the potential to
degrade a wide variety of structural polymers common in
peat (Read et al. 2004).

While these studies used specific media, recent studies
have used mass loss of standard organic matter to assess the
saprobic abilities of selected fungi in vitro. Piercey et al.
(2002) showed that O. maius caused the greatest mass loss
of S. fuscum compared with H. ericae and VWT (11.2% vs.
8.6 and 6.7%, respectively) after 70 d. Based on these data,
there appears to be a positive relationship between enzy-
matic diversity and the ability to cause mass loss of organic
matter, i.e., ericoid mycorrhizal fungi with broad enzymatic
profiles (e.g., O. maius) may be better adapted to use organ-
ic matter as C sources than those with more limited enzy-
matic profiles (e.g., H. ericae). The presence of ericoid
mycorrhizal fungi in peatlands not only enables ericoid
plants to thrive in harsh, nutrient poor, acidic ecosystems
(Hambleton and Currah 2000), these fungi may also cause
the formation of high molecular weight organic acid poly-
mers via a series of complex biogeochemical pathways.
Hence, ericoid mycorrhizal fungi may also contribute to the
accumulation of organic acids, and hence C, in peatlands
(Bending and Read 1997), playing significant roles as myc-
orrhizas and as saprobes (Kox 1954).

Ectomycorrhizal Fungi

Previous surveys of conspicuous epigeous fruiting bodies
revealed a great diversity of ectomycorrhizal fungi in peat-
lands (Salo 1993; Dhillion 1994; Thormann et al. 1999).
Species of Lactarius, Hebeloma, Laccaria, Russula,
Tomentella, and Cortinarius are most frequently collected
and are associated with the roots of species of Picea, Larix,
Salix, and Betula.

Several studies have investigated the abilities of ectomy-
corrhizal taxa to degrade organic matter (reviewed in Read
et al. 2004), producing variable results. Durall et al. (1994)
showed that four ectomycorrhizal fungi of Pseudotsuga
menziesii (Mirb.) Franco readily degraded hemicellulose
and cellulose, while more complex polymers, including
humic substances and needles, were more decay resistant. In
support, Hutchison (1990) and Bending and Read (1997)
showed that ectomycorrhizal fungi (mostly species of
Lactarius, Hebeloma, Laccaria, Russula, Tomentella,

Cortinarius, Suillus, Amanita, Boletus, Rhizopogon, and
Tricholoma) had limited abilities to use a variety of complex
organic compounds, including polyphenolic polymers (e.g.,
tannic acid and lignin), cellulose, and pectin. Simpler struc-
tural carbohydrates, including starch, gelatin, and urea, were
more frequently used, but utilization patterns were genus-
specific, e.g., species of Laccaria were able to use urea but
not starch as a C source (Hutchison 1990). Conversely,
other studies showed that ectomycorrhizal fungi could syn-
thesize complex polymer-degrading enzymes (Giltrap 1982;
reviewed in Read et al. 2004).

Based on these variable results, the role of ectomycor-
rhizal fungi in peatland C dynamics is uncertain. It has been
suggested that many ectomycorrhizal fungi may be able to
survive as saprobes; however, this notion appears to be
based on circumstantial evidence and resulted from either
misidentified specimens or incorrect interpretation of the
colonized substrate, according to Hutchison (1990). The
generally reported low enzymatic activities of ectomycor-
rhizal fungi may be an adaptation to a symbiotic life, where
the fungus must avoid eliciting host defence responses,
which may be caused by extracellular enzymes (Ramstedt
and Soderhill 1983). As it stands, most ectomycorrhizal
fungi appear to have limited saprobic capabilities, sufficient
to colonize the roots of their hosts, and tend to require their
plant hosts for the acquisition of C. Nonetheless, due to the
preponderance of ectomycorrhizal fungi in peatlands (Salo
1993; Dhillion 1994; Thormann et al. 1999), their combined
effect on soil C dynamics at the ecosystem level may be sig-
nificant (Bending and Read 1997; Read et al. 2004).

Vesicular-arbuscular Mycorrhizal Fungi

VA-mycorrhizal fungi belong to a small, yet widely distrib-
uted group of fungi. They are all members of the Glomales
(Zygomycota), with about 160 different species known to
colonize roots of almost all herbaceous plants. Previous sur-
veys of VA-mycorrhizal fungi in wetlands revealed species
of Glomus [G. caledonium (Nicol. & Gerd.) Trappe &
Gerd., G. fasciculatum (Thax. sensu Gerd.) Gerd. & Trappe
emend. Walker & Koske, G. intraradicis Schenck & Smith,
G. aggregatum Schenck & Smith, G. claroideum Schenck
& Smith, G. manihotis Schenck & Smith] and Gigaspora
[G. gigantea (Nicol. & Gerd.) Gerd. & Trappe, G. albida
Schenck & Smith] (Anderson et al. 1984; Rickerl et al.
1994; Wetzel and van der Valk 1996; Cooke and Lefor
1998), with the former genus appearing to be the dominant
one.

VA-mycorrhizal fungi have variable quantities of
extraradical mycelium (mycelium penetrating the soil sur-
rounding host plant roots). Their superior ability to acquire
P from the soil is unquestioned; however, it is thought that
VA-mycorrhizal fungi are obligate biotrophs, i.e., wholly
dependent on their plant partners for C. There is limited evi-
dence to suggest that these fungi are able to live as saprobes
in the soil as well, i.e., using complex C substrates to acquire
C (Nicolson 1959; Hodge et al. 2001). These reports remain
speculative though, and to what extent VA-mycorrhizal
fungi are involved in the decomposition of organic matter in
situ remains unknown. Based on the distribution of their
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hosts in peatlands, VA-mycorrhizal fungi may not be of
great significance in bogs, where herbaceous plants are less
dominant compared with trees and ericaceous shrubs
(Thormann and Bayley 1997b); however, their role may be
larger in sedge-dominated fens and marshes, where their
host plants are more predominant. Ultimately, VA-mycor-
rhizal fungi likely do not play a significant role in C cycling
in wetlands.

Mycelium radicis atrovirens

In addition to the aforementioned typical structures formed
by ericoid, ectomycorrhizal, and VA-mycorrhizal fungi, a
diverse assemblage of hyphae frequently occurs in and on
the roots of most plant species, including peatland plants.
Recent studies designated some species of Leptodontidium
(L. orchidicola Sigler & Currah), Phialocephala (P. fortinii,
P. dimorphospora Kendrick), and Phialophora (P. finlandia
Wang & Wilcox) as Mycelium radicis atrovirens (MRA), in
addition to some isolates of pezizalean and entirely
unknown affinities (Currah et al. 1988; Currah and Tsuneda
1993; Fernando and Currah 1995; Caldwell et al. 2000). The
hyphae of these unidentified taxa can be dematiaceous
(darkly pigmented), hyaline, septate, aseptate, with and
without clamp connections, some of them forming
microsclerotia and others sclerotial plaques attached to the
surfaces of plant roots (Jumpponen and Trappe 1998;
Thormann et al. 1999). Extracellular hyphae terminate in
appressoria (swollen hyphal structures used for attachment
in the early stages of infection) on root surfaces, while oth-
ers grow intracellularly. These fungi are rarely identified
and may belong to the MRA complex (Melin 1922), which
partially or entirely overlaps with the dark septate endo-
phyte (DSE) complex of fungi (Jumpponen and Trappe
1998; Caldwell et al. 2000). MRA and DSE taxa occur fre-
quently in roots of herbaceous (Currah et al. 1987; Stoyke
and Currah 1991) and woody (Summerbell 1987; Danielson
and Visser 1990; Hennon et al. 1990) plants in temperate,
alpine, and arctic habitats.

The ecological significance of MRA taxa remains uncer-
tain (Jumpponen and Trappe 1998). Previous work showed
that P. fortinii and P. finlandia are able to use cellulose,
laminarin, starch, and xylan as C sources; however, lig-
nolytic enzymes were not detected (Caldwell et al. 2000). In
contrast, PPOs and laccases were reported by Currah and
Tsuneda (1993) and Fernando and Currah (1995). Based on
these enzymatic profiles, Caldwell et al. (1996) suggested
that MRA (and DSE) fungi are able to access common detri-
tal C and P polymers. While it is still uncertain if these fungi
actually decompose organic matter in situ (Jumpponen and
Trappe 1998), they have the potential to play significant
roles in C cycling dynamics in peatlands, where they are
common (Thormann et al. 1999).

CURRENT KNOWLEDGE GAPS, RESEARCH
NEEDS, AND CONCLUSIONS
Our understanding of peatland microbial communities com-
position and dynamics and their roles is growing, with near-
ly 650 different species of microfungi having been isolated
and identified from peatland globally. Most of these fungi

are sabrobic or mycorrhizal in nature and are intricately

involved in C cycling dynamics. How these communities

respond to natural and anthropogenic disturbances remains

uncertain. This uncertainty is troublesome in light of a

changing climate and associated disturbance regimes,

including permafrost degradation and wild fire frequency,
which may have potentially significant impacts on the glob-
al C cycle due to altered mineralization rates of organic mat-
ter, especially in peatlands with their significant C stocks.

There are a number of significant gaps that need to be

addressed in the near future:

* Impacts of climate change and associated disturbances

© Elevated atmospheric CO, concentrations have the

potential to alter leaf litter chemistry and hence
decomposition dynamics, possibly altering rates of
C and N cycling in ecosystems (O’Neill and Norby
1996; Randlett et al. 1996). Although several stud-
ies have examined decomposition rates of leaf lit-
ters grown at ambient and elevated CO,
concentrations, results were variable and mainly
depended on the experimental design, the litter
used, and the length of the experiment (Melillo
1983; Rastetter et al. 1992; Randlett et al. 1996;
Hirschel et al. 1997). How fungal communities
respond to litter quality changes remains largely
unknown.
Temperature has been recognized as an important
factor influencing rates of decomposition; howev-
er, its effects on microbial populations are rarely
examined and only recently have received some
attention (Kandeler et al. 1998; Bardgett et al.
1999; Thormann et al. 2004b).
Permafrost in peatlands recently has begun to
degrade and continues to degrade at the southern
limit of the discontinuous permafrost zone in
Canada with no evidence of regeneration (Halsey
et al. 1995; Beilman et al. 2001; Payette and
Delwaide 2004). How microbial communities
respond to changes in the local hydrology, insola-
tion, plant community composition, landscape
topography, and biogeochemical processes
(Beilman 2001; Turetsky et al. 2002) is unknown.
Fire frequency, although highly variable on an
annual basis, has increased in the second half of the
20th century in Canada (Amiro et al. 2001). Many
peatlands, particularly bogs, burn regularly, and
substantial quantities of peat, and hence C, can be
burned off (Turetsky and Wieder 2001).
Regardless of the intensity of the fire, fungal com-
munities, which are most prevalent in the fire-
prone acrotelm, are affected as well; however, how
fungal communities, i.e., colonization dynamics,
community structure, and physiological profiles,
respond to fire is uncertain.

* Few fungi with the ability to degrade polyphenolic
polymers (e.g., tannins, lignin, and Klason lignin), pri-
marily basidiomycetes, have been isolated from peat,
which is surprising given the widespread occurrence of
this group of fungi in adjacent upland ecosystems.

[e)

[e]

[e]
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Rates of immigration of polyphenolic polymer degrad-
ing fungi from upland ecosystems into peatlands need
to be quantified. Colonization of peatlands by upland
basidiomycete taxa is undoubtedly occurring via spores
and fruiting body fragments; however, their success in
acidic, nutrient-poor peatlands is unknown. Selecting
isolation media or media additives, including benomy],
o-phenylphenol, or dichloran (Worrall 1991), or
employing molecular approaches, including environ-
mental PCR, should lead to an increased isolation of
these taxa and a better understanding of their diversity
and roles.

The roles of ectomycorrhizal and VA-mycorrhizal
fungi and DSE taxa in C cycling need to be clarified.
These fungi are prevalent in peatlands and may play
significant roles as saprobes, yet their physiological
responses to changing environmental conditions is
uncertain.

The relative contribution of fungi and bacteria to organ-
ic matter decomposition needs to be clarified. To date,
only Thormann et al. (2004b) compared decomposition
dynamics of the most frequently isolated bacteria and
fungi from peatland plants. Their data show that these
microbial groups respond differently to increasing tem-
peratures in vitro, as determined by altered decomposi-
tion dynamics, and hence C dynamics, of peatland plant
litters.
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