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Abstract Plants growing on an environmentally
stressed glacier forefront on soil low in N and organic
matter have abundant root colonizations by dark-sep-
tate fungi. As the plants appeared fit for this severe ha-
bitat, it was hypothesized that the dark-septate endo-
phytes were neutral or beneficial rather than detrimen-
tal to the plants. To test this hypothesis, we designed a
growth-room experiment with Pinus contorta grown on
forefront soil inoculated with the dark-septate fungus
Phialocephala fortinii in the absence of climatic stress.
N and organic matter treatments were included to ex-
plore their interaction with the fungal inoculation. P.
fortinii colonized roots inter- and intracellularly and oc-
casionally formed microsclerotia. Inoculated plants ab-
sorbed significantly more P than noninoculated plants
in all combinations of N and organic matter. Without
added N, neither inoculation nor organic matter addi-
tion improved plant growth or N uptake, showing that
N indeed limits plant growth in this substrate. With ad-
ded N, however, both organic matter addition and ino-
culation significantly increased total pine biomass and
N uptake. The enhanced P uptake by the P. fortinii-
inoculated pine as well as the increased pine growth
and N uptake in the treatment combining P. fortinii
and N appear as typical mycorrhizal responses.
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Introduction

N and organic matter buildup play important roles in
young ecosystems such as glacier forefronts (Chapin et
al. 1994; Matthews 1992; Vitousek and Walker 1989).
The introduction of mycorrhizal propagules is essential
for establishment of mycorrhiza-dependent plants
(Trappe and Luoma 1992). Once mycorrhizal plants
and their symbiotic fungi establish on poorly developed
substrates, nutrient capture and cycling is greatly en-
hanced.

Dark-septate, root-endophytic fungi are common in
arctic-alpine habitats (Cázares 1992; Haselwandter and
Read 1982; Jumpponen and Trappe 1996; Väre et al.
1992). The interactions of dark-septate endophytes and
their hosts are controversial, having been suggested to
be pathogenic, neutral or beneficial (Fernando and
Currah 1996; Haselwandter and Read 1982; O’Dell et
al. 1993; Stoyke and Currah 1993; Wang and Wilcox
1985; Wilcox and Wang 1987). Some may function in
different ways along the mutualism-parasitism contin-
uum, depending on conditions (Johnson et al. 1997).

Cázares (1992) reported dark-septate endophytes to
be common on many plant species on the forefront of
Lyman Glacier in the North Cascade Range of Wash-
ington State. The plants showed no symptoms of dis-
ease and were established in a habitat notable for its
poor soil, short growing season and climatic stress. As
these plants had to contend with a severely stressful ha-
bitat, we hypothesized that the dark-septate coloniza-
tions did not adversely affect the plants; imposition of
disease in addition to the environmental stresses would
not likely lead to successful establishment. To test this
hypothesis, we explored effects of a dark-septate endo-
phyte on Pinus contorta Dougl. grown on forefront soil
without climatic stress; P. contorta is an early colonizer
at the Lyman Glacier forefront. Phialocephala fortinii
Wang and Wilcox was selected as the endophyte, be-
cause it is frequent at the site (Jumpponen and Trappe
1996) and colonizes roots of P. contorta (O’Dell et al.
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1993). N and organic matter supplements were included
to examine their interactions with the fungus; nitrogen
and organic matter are very low away from established
plants on the forefront (Jumpponen et al. 1998).

Materials and methods

A composite soil sample was collected at the Lyman Glacier fore-
front (487 10b 14n N, 1207 53b 44n W; elevation ca. 1800 m) with-
in an area that had been deglaciated for less than 20 years and
was devoid of plants [see Cázares (1992) and Jumpponen et al.
(1998) for site details]. The sample was sieved through a 5-mm
screen, air dried, and stored at 4 7C. The organic matter and N
contents of the soil were low and likely to limit plant growth (ca.
0.4% organic matter and 0.001% N by soil dry weight; Jumppon-
en et al. 1998). The soil was pasteurized before use.

Seeds of P. contorta were soaked 24 h in deionized water at
4 7C, stratified 14 days at 4 7C, then surface sterilized 55 min in
30% hydrogen peroxide under agitation. Five stratified seeds
were sown on 80 g of air-dried soil in 115 ml plastic Cone-tainers
(Ray Leach Inc., Corvallis, Ore.). N, organic matter, and P. fortin-
ii were applied to each container in a fully factorial design, each
treatment at two levels: present or absent. To account for effects
of inoculation, an additional control with killed inoculum was in-
cluded. The result was a 2 ! 2 ! 2 factorial with an additional
inoculum control, nine treatment combinations in total. Ten repli-
cates of each treatment were randomly arranged in the growth
room.

An equivalent of 100 kg N/ha of sulfur-coated urea was added
to the top of soil in half of all containers; the other half were
untreated. The application is approximately 35% of the total N in
the nonvegetated forefront soil and less than 5% of total N un-
derneath shrub canopies in the area deglaciated approximately 60
years ago. The sulfur-coated pellets were selected because they
dissolve over a 6-month period. Hence, N pulses were avoided
during the experiment.

Approximately 1.5% peat by dry weight of soil was added and
thoroughly mixed to half of all treatments as the organic matter
treatment; the other half were left untreated. The additions re-
sulted in organic matter contents similar to those of naturally oc-
curring soil at the terminal moraine of the Lyman Glacier fore-
front (Jumpponen et al. 1998). To minimize nutrient additions,
the peat was leached with 0.2 N HCl and then thoroughly washed
with distilled H2O. Thus, the focus in this treatment was on ef-
fects of organic matter on physical and chemical soil characteris-
tics rather than on nutrient input.

The inoculum of P. fortinii [SE24, strain isolated by O’Dell et
al. (1993) and maintained at the USDA-PNW Research Station,
Corvallis, Ore.] was mixed with vermiculite and Modified Melin
Norkrans medium (Marx and Zak 1965) and then incubated for 8
weeks. The control inoculum was separated from the same batch
and autoclaved for 25 min. Ten ml of live or killed inoculum was
applied to the top of the soil mixture in inoculated treatments and
controls, respectively.

Conditions in the growth room were 25 7C, a 16/8-h day/night
cycle, and light with an irradiance intensity of ca. 300 mE within
the photosynthetically active range. After emergence of the first
seedling, subsequent germinants were removed to maintain only
one per container. After 12 weeks of growth (the approximate
growing season at Lyman Glacier forefront), soil was washed
from the roots and the colonized root length estimated by the
gridline intersection method (Giovannetti and Mosse 1980). Dark
and septate, superficial, inter-, and intracellular mycelium was ob-
served. After examination, seedlings were dried at 80 7C for 48 h
and the dry weights of shoot and root recorded.

Due to the low accumulation of foliar biomass in some treat-
ments, foliage from three seedlings within a treatment were
pooled for foliar nutrient analyses. Foliar tissue N and P were

analyzed by the Kjeldahl method (Thomas et al. 1967) with an
Alpkem Rapid Flow Analyzer, Model 300.

A one-way analysis of variance was first used to compare the
killed-inoculum control against the no-inoculum control. Analysis
of variance showed no significant differences in growth
(P p 0.322, 0.931, and 0.481 for shoot, root and total biomass, re-
spectively) or nutrient concentrations (P p 0.460 and 0.141 for
total N and P, respectively). Because of the strong N effect on
growth (ca. 50% increase, P 1 0.001, in shoot, root and total bio-
mass) and foliar N concentration (ca. 100% increase, P 1 0.001)
and absence of three-way interactions (P p 0.492, 0.297, 0.357,
P p 0.832, and 0.199 for shoot, root, total biomass, total N, and
total P, respectively), effects of organic matter and fungal inocula-
tion were analyzed separately for the two nitrogen regimes as a
2 ! 2 factorial design: two treatments (organic matter and fungal
inoculation) at two levels (present or absent).

All response variables, except the root/shoot ratios and the
nutrient concentrations, were log-transformed prior to analysis to
obtain homogeneity of variances between the treatments. Data
were subjected to analysis of variance by the General Linear
Models procedure in SYSTAT (SYSTAT 1992) to test for main
and interactive effects. Means between the different treatment
combinations were compared by Fisher’s least significant differ-
ence (LSD) test at an alpha level of 0.05.

Results

Root colonization by Phialocephala fortinii

Root systems of all inoculated seedlings were colonized
by the dark-septate mycelium. Intracellular monilioid
chains and microsclerotia as well as superficial or inter-
and intracellular, papillate mycelium were observed.
No root-associated fungi (mycorrhizal or endophytic)
were observed in noninoculated treatments. The de-
gree of root colonization by P. fortinii was not signifi-
cantly affected by application of N or organic matter.
Colonized root length ranged from 4 to 20%.

Growth response

Addition of N increased both shoot and total biomass
1 50% and root biomass 1 40% compared to controls.
Analyzed separately for the two N levels, organic mat-
ter without added N did not significantly affect shoot
biomass, but root biomass decreased by 35% compared
to the control (Table 1). Due to the large reduction in
root biomass, total biomass and root/shoot ratio also
decreased. With added N, the organic matter amend-
ment resulted in an increase of 1 40% in shoot biomass
compared with the treatment with N alone. The strong
positive effect of N amendment was thus further en-
hanced in presence of organic matter.

Inoculation with P. fortinii did not significantly af-
fect shoot, root and total biomass when no N was ad-
ded (Table 1). With added N, fungal inoculation re-
sulted in a 50% biomass increase over the N treatment
alone. The root endophyte hence enhanced growth of
the seedling when adequate levels of N were availa-
ble.
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Table 1 Shoot, root and total dry weights (mg) and root/shoot
ratios (meanBstandard deviation) of Pinus contorta seedlings
grown in soil from Lyman Glacier forefront. Shown are the re-
sults of four treatment combinations applied under two levels of
N (no added N and amendment equal to 100 kg N/ha): Presence
(c) or absence (P) of organic matter amendment equal to 1.5%

soil dry weight (OM) inoculation with Phialocephala fortinii (PF).
Numbers in parentheses indicate number of replicates in each
treatment. Same letters in a column indicate nonsignificant differ-
ences at ap0.05 based on Fisher’s LSD. Source of variation indi-
cates which factors contribute to the observed differences

Treatment Shoot Root Total Root/shoot

dry wt. dry wt. dry wt.

No added N
OMPPFP(10) 31.30B13.39 a 21.60B 7.29 b 52.90B18.67 b 0.72B0.21 b
OMcPFP(9) 26.33B 5.29 a 14.00B 2.45 a 40.33B 7.84 a 0.55B0.10 a
OMPPFc(10) 29.30B 6.22 a 19.30B 4.27 ab 48.80B 8.94 ab 0.67B0.16 ab
OMcPFc(10) 27.60B 7.58 a 15.50B 4.09 a 43.10B 9.62 ab 0.59B0.19 ab

Source of variation

OM NS *** * *
PF NS NS NS NS
OM!PF NS NS NS NS

100 kg N/ha

OMPPFP(9) 51.00B14.36 a 30.78B10.08 a 81.78B21.22 a 0.63B0.18 b
OMcPFP(10) 72.10B21.04 b 32.00B 9.14 ab 104.10B29.10 ab 0.46B0.11 a
OMPPFc(10) 82.50B19.80 bc 47.40B18.07 c 129.90B33.63 b 0.57B0.19 ab
OMcPFc(10) 103.20B29.81 c 43.40B19.79 bc 146.20B42.98 b 0.43B0.16 a

Source of variation

OM *** NSa NS **
PF ** *** *** NS
OM!PF NS NS NS NS

a NS P10.05
* 0.056P10.01, ** 0.016P10.001, *** 0.0016P

Nutrient accumulation

The N amendment increased foliar N concentration by
100% relative to the control. Organic matter and fungal
inoculum did not affect foliar N concentration when no
N was added (Table 2). With added N, organic matter
and fungal inoculation increased the foliar N concen-
tration by 25% and 20%, respectively, compared with
the N amendment alone. Foliar P concentration signifi-
cantly increased as a result of inoculation with P. fortin-
ii regardless of N or organic matter treatment (Table
2).

Discussion

The experiment reaffirmed earlier conclusions that N
limits plant growth on Lyman glacier as on other gla-
cier forefronts (Chambers et al. 1987, 1988, 1990; Jump-
ponen et al. 1998). Addition of N together with organic
matter in the absence of P. fortinii enhanced N uptake
by the seedlings, presumably because the organic mat-
ter reduced leaching losses of N. With added N, organic
matter further increased shoot and total biomass and
foliar N concentration. These responses likely resulted
from altered ion exchange capacity, increased aeration,
or decreased bulk density (Cheng 1977). Addition of
organic matter alone in the low-N treatment reduced

Table 2 N and P concentrations (meanBstandard deviation) in
Pinus contorta foliage following four treatment combinations ap-
plied under two levels of added N. For legends and symbols see
Table 1

Treatment Total N Total P
(% dry wt.) (% dry wt.)

Low N

OMPPFP(3) 0.690B0.057 a 0.074B0.006 a
OMcPFP(3) 0.639B0.031 a 0.076B0.012 a
OMPPFc(3) 0.608B0.114 a 0.087B0.007 b
OMcPFc(3) 0.623B0.039 a 0.100B0.012 b

Source of variation

OM NS NS
PF NS **
OM!PF NS NS

100 kg N/ha

OMPPFP(3) 1.414B0.067 a 0.072B0.013 a
OMcPFP(3) 1.780B0.149 c 0.066B0.012 a
OMPPFc(3) 1.642B0.024 b 0.092B0.011 b
OMcPFc(3) 2.110B0.18 d 0.128B0.012 b

Source of variation

OM *** NS
PF ** **
OM!PF NS NS
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root and total biomass. The reduction was possibly due
to immobilization of the already low soil N by soil mi-
croorganisms (Paul and Clark 1989).

Phialocephala fortinii enhanced P uptake by the
pine regardless of N or organic matter treatments. En-
hanced P uptake is, of course, among the better-known
mycorrhizal functions (Harley and Smith 1983; Smith
and Read 1997). When the N limitation was overcome
by added N, P. fortinii produced two responses classi-
cally regarded as mycorrhizal: enhancement of growth
and P uptake (Harley and Smith 1983; Smith and Read
1997). Haselwandter and Read (1982) reported analo-
gous increases in growth and P uptake by a Carex sp.
inoculated with a dark-septate endophyte. Their sterile
isolate was similar to P. fortinii as shown by prelimina-
ry analyses of partial sequences of the small subunit of
the nuclear ribosomal DNA (A. Jumpponen, unpub-
lished data).

Because P. fortinii seems to behave as a parasite or
pathogen under some experimental conditions (Currah
et al. 1993; Fernando and Currah 1996; Stoyke and Cur-
rah 1993; Wang and Wilcox 1985; Wilcox and Wang
1987), its status as a mycorrhizal fungus under our ex-
perimental conditions might be questioned. This de-
pends upon how “mycorrhiza” is defined. The defini-
tion of Gerdemann (1970), as modified by Harley
(1992) and then Trappe (1996), can be applied: “Dual
organs of absorption formed when symbiotic fungi in-
habit healthy absorbing organs (roots, rhizomes or thal-
li) of most terrestrial plants and many aquatics and epi-
phytes.” In our experiment, the roots and fungus
formed a dual organ of absorption with no symptoms of
disease, hence a symbiosis (Lewis 1973). As Johnson et
al. (1997) pointed out, the accuracy of this definition is
“not compromised if the dynamic nature of plant re-
sponses to mycorrhizal associations is accepted and
they are considered to be generally mutualistic, with
occasional commensal and parasitic excursions from
this norm.” Most established plants in the Lyman Gla-
cier forefront seem fit for that stressful habitat, lack
symptoms of disease, and are colonized by dark-septate
endophytes such as P. fortinii (Cázares 1992; Jumppo-
nen and Trappe 1996). The occasions when this fungus
was pathogenic may have been “excursions” from the
norm or may reflect differences between strains of this
anamorphic taxon (Currah et al. 1993; Fernando and
Currah 1996).

From our results and those of Haselwandter and
Read (1982), we cannot say unequivocally that the sym-
biosis was mutualistic: although the pine and sedge
benefited, we have no direct evidence of benefit to the
fungus. However, as P. fortinii produced intracellular
structures possibly analogous to arbuscules or the hy-
phal coils of ericoid mycorrhizae, it is reasonable to as-
sume that the fungus obtained photosynthates from the
host.

A major difference in the pine reaction to P. fortinii
from a reaction to any casual soil or rhizosphere fungus
is that P. fortinii formed intracellular colonizations

within the root cortical tissue. As with arbuscular and
ericoid mycorrhizae, it had direct contact with the root
cells. Some soil fungi such as Penicillium bilaji solubil-
ize P from rock phosphate without colonizing root tis-
sue, but the solubilized P is not available to mycorrhiza-
dependent host plants in the absence of the mycorrhizal
fungus (Kucey 1987). Accordingly, the enhancement of
P uptake by hosts colonized by P. fortinii strongly sup-
ports the mycorrhizal functioning of that system. The
increased N and P uptake in the high N–P. fortinii com-
bination also indicates enhanced absorbing capacity for
the host when its roots are colonized, probably because
the architecture of the extramatrical hyphae is more ef-
ficient at nutrient capture than that of the roots, and
the hyphae serve as a pathway for nutrient transport
(Newman 1988; Read et al. 1985). Various combina-
tions of nonmycorrhizal soil organisms may enhance
plant growth (Linderman 1988) by mobilizing soil nu-
trients or producing growth regulators (Shivanna et al.
1994). Suggested mechanisms for such growth promo-
tion are similar to those demonstrated for mycorrhizal
fungi and, indeed, have often been deduced with no
consideration of whether or not mycorrhizal fungi were
functioning in the experimental systems (Linderman
1988).

Results from our study indicate that plant growth is
limited by the low levels of N in the soil in the primary
successional ecosystem at Lyman Glacier forefront.
The function and importance of the root endophytes
require further examination; they may function as ben-
eficial root symbionts under some circumstances. Fur-
ther studies, e.g., with radioisotopes or stable heavy iso-
topes, are needed to determine the directions of net nu-
trient fluxes as well as to define the nature of the asso-
ciation between dark-septate root endophytes and their
host plants.

Acknowledgements This program was supported by U.S. Na-
tional Science Foundation Grant DEB-9310006, Emil Aaltonen’s
Foundation, and the U.S. Forest Service, PNW Research Station.
The work was made possible by the support of the U.S. Forest
Service, Wenatchee National Forest, Chelan Ranger District,
WA; we are especially indebted to Ken Dull and Al Murphy for
logistical support. Tom Sabin and Lisa Ganio aided in experimen-
tal design and statistical analyses. Donaray McKay helped during
various stages of this study. Carol Glassman analyzed nutrients at
the Forest Science soils laboratory in Corvallis. Randolph Molina
and two anonymous reviewers provided comments and criticism.
Horse packers Cragg Courtney and Sid Burns provided much
needed transport of supplies and soil.

References

Cázares E (1992) Mycorrhizal fungi, their relationship to plant
succession in subalpine habitats. PhD thesis, Oregon State
University, Corvallis

Chambers JC, MacMahon JA, Brown RW (1987) Response of an
early seral dominant alpine grass and a late seral dominant
alpine forb to N and P availability. Reclam Reveg Res
6 :219–234



265

Chambers JC, MacMahon JA, Brown RW (1988) Seedling estab-
lishment in alpine ecosystems: implications for revegetation.
In: Kaemmerer WR, Brown LF (eds) Proceedings of the high
altitude revegetation workshop. (No. 8. Information Series
No. 59) Colorado Water Resources Research Institute. Col-
orado State University, Fort Collins, Colo, USA, pp 173–191

Chambers JC, MacMahon JA, Brown RW (1990) Alpine seedling
establishment: the influence of disturbance type. Ecology
71 :1323–1341

Chapin III FS, Walker LR, Fastie CL, Sharman LC (1994) Mech-
anisms of primary succession following deglaciation at glacier
bay, Alaska. Ecol Monogr 64 :149–175

Cheng BT (1977) Soil organic matter as a plant nutrient. In: Soil
organic matter studies, vol 1. International Atomic Energy
Agency, Vienna, pp 31–38

Currah RS, Tsuneda A, Murakami S (1993) Morphology and eco-
logy of Phialocephala fortinii in roots of Rhododendron bra-
chycarpum. Can J Bot 71 :1639–1644

Fernando AA, Currah RS (1996) A comparative study of the ef-
fects of the root endophytes Leptodontidium orchidicola and
Phialocephala fortinii (Fungi Imperfecti) on the growth of
some subalpine plants in culture. Can J Bot 74 :1071–1078

Gerdemann JW (1970) The significance of vesicular-arbuscular
mycorrhizae in plant nutrition. In: Toussoun TA, Bega RV,
Nelson PE (eds) Root diseases and soilborne plant pathogens,
University of California Press, Berkeley, pp 125–129

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

Harley JL (1992) Mycorrhizae. McGraw-Hill Encyclopedia of
science and technology, vol 1, 7th edn. McGraw-Hill, New
York, pp 545–546

Harley JL, Smith SE (1983) Mycorrhizal symbiosis. Academic,
New York

Haselwandter K, Read DJ (1982) The significance of root-fungus
association in two Carex species of high-alpine plant commu-
nities. Oecologia 53 :352–354

Johnson NC, Graham JH, Smith FA (1997) Functioning of my-
corrhizal associations along the mutualism-parasitism contin-
uum. New Phytol 135 :575–583

Jumpponen AM, Trappe JM (1996) Population structure of Phia-
locephala fortinii on a receding glacier forefront. In: Azcon-
Aguilar C, Barea J-M (eds) Mycorrhiza in integrated systems
– from genes to plant development. Proceedings of Fourth Eu-
ropean Symposium on Mycorrhiza. Commission of the Euro-
pean Union, Luxemburg, pp 128–130

Jumpponen A, Mattson K, Trappe JM, Ohtonen R (1998) Effects
of established willows on primary succession on Lyman Gla-
cier forefront, North Cascade Range, Washington, USA: evi-
dence for simultaneous canopy inhibition and soil facilitation.
Arct Alp Res 30 :31–39

Kucey RMN (1987) Increased phosphorus uptake by wheat and
field beans inoculated with a phosphorus-solubilizing Penicil-
lium bilaji strain and with vesicular-arbuscular mycorrhizal
fungi. Appl Environ Microbiol 53 :2699–2703

Lewis DH (1973) Concepts in fungal nutrition and the origin of
biotrophy. Biol Rev 48 :261–278

Linderman RG (1988) Mycorrhizal interactions with the rhizos-
phere microflora: the mycorrhizosphere effect. Phytopatholo-
gy 78 :366–371

Marx DH, Zak B (1965) Effects of pH on mycorrhizal formation
of slash pine in aseptic culture. For Sci 11 :67–75

Matthews JA (1992) The ecology of recently-deglaciated terrain –
a geoecological approach to glacier forelands and primary suc-
cession. Cambridge University Press, New York

Newman EI (1988) Mycorrhizal links between plants: their func-
tioning and ecological significance. Adv Ecol Res
18 :241–270

O’Dell TE, Massicotte HB, Trappe JM (1993) Root colonization
of Lupinus latifolius Agardh. and Pinus contorta Dougl. by
Phialocephala fortinii Wang & Wilcox. New Phytol
124 :93–100

Paul EA, Clark FE (1989) Soil microbiology and biochemistry.
Academic, San Diego

Read DJ, Francis R, Finlay RD (1985) Mycorrhizal mycelia and
nutrient cycling in plant communities. In: Fitter AH, Atkinson
D, Read DJ, Usher MB (eds) Ecological interactions in soil.
Blackwell, Oxford, pp 193–218

Shivanna MB, Meera MS, Hyakumachi M (1994) Sterile fungi
from zoyziagrass rhizosphere as plant growth promoters in
spring wheat. Can J Microbiol 40 :637–644

Smith SE, Read DJ (1997) Mycorrhizal symbiosis. Academic,
London

Stoyke G, Currah RS (1993) Resynthesis in pure culture of a
common subalpine fungus-root association using Phialoce-
phala fortinii and Menziesia ferruginea (Ericaceae). Arct Alp
Res 25 :189–193

SYSTAT (1992) Statistics, version 5.2. SYSTAT, Evanston, Ill
Thomas RL, Sheard RW, Moyer JR (1967) Comparison of con-

ventional and automated procedures for nitrogen, phospho-
rus, and potassium analysis of plant material using a single di-
gest. Agric J 59 :240–243

Trappe JM (1996) What is a mycorrhiza? In: Azcon-Aguilar C,
Barea J-M (eds) Mycorrhiza in integrated systems – from
genes to plant development. Proceedings of Fourth European
Symposium on Mycorrhiza. Commission of the European
Union, Luxemburg, pp 3–6

Trappe JM, Luoma DL (1992) The ties that bind: fungi in ecosys-
tems. In: Carroll GC, Wicklow DT (eds) The fungal commu-
nity – its organization and role in the ecosystem, 2nd edn.
Dekker, New York, pp 17–27

Väre H, Vestberg M, Eurola S (1992) Mycorrhizae and root-asso-
ciated fungi in Spitsbergen. Mycorrhiza 1 :93–104

Vitousek PM, Walker LR (1989) Biological invasion by Myrica
faya in Hawaii: plant demography, nitrogen fixation, ecosys-
tem effects. Ecol Monogr 59 :247–265

Wang CJK, Wilcox HE (1985) New species of ectendomycorrhi-
zal and pseudomycorrhizal fungi: Phialophora finlandia, Chlo-
ridium paucisporum, and Phialocephala fortinii. Mycologia
77 :951–958

Wilcox HE, Wang CJK (1987) Mycorrhizal and pathological asso-
ciations of dematiaceous fungi in roots of 7-month-old tree
seedlings. Can J For Res 17 :884–899


