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Abstract
Studies from the Pacifi c Northwest indicate that forest management activities can reduce 

the richness and abundance of ectomycorrhizal fungi (EMF). Development of management 
approaches to sustain these essential organisms in forests has been hampered by a lack of knowledge 
of EMF community structure, diversity, and spatial and temporal variability across stands and 
landscapes. Th e ectomycorrhizal fungus community, as seen on root tips, changes signifi cantly in 
disturbed sites compared to nearby undisturbed, nearby forests. Th ese changes might be due as 
much to environmental and biotic factors as to loss of host trees. It has been found that seedlings 
transplanted from mature forests into harvested gaps declined in both EMF species richness and 
abundance. Seedlings closest to an uncut forest edge had the highest values of both response 
variables. In various studies, root colonization percentage and EM diversity have been observed to 
decline with distance from mature trees. Th ese outcomes and others have led several researchers 
to conclude that green-tree retention is important for the recovery of EM fungi in harvested sites. 
Inoculating bare-root conifer seedlings with spores of ectomycorrhizal fungi has been promoted to 
reduce transplant shock, improve growth and nutrient uptake, and improve survival of Douglas-
fi r (Pseudotsuga menziesii) out-planted on sites subjected to operational forest management. Here, 
from an unpublished study, we summarize the eff ectiveness of EMF spore inoculum to increase 
survival and growth. Th at study also compared locally sourced spore inoculum with inoculum 
obtained from a diff erent ecoregion. On that particular green-tree retention site, EMF spore 
inoculum was largely superfl uous with regard to seedling mortality or growth. It was postulated 
that the site had suffi  cient EMF inoculum, either as living mycelium or spores, to rapidly colonize 
the bare-root Douglas-fi r seedlings that were tested. We concur with other researchers that green-
tree retention can be benefi cial in maintaining EMF diversity and inoculum potential on a site.
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Ectomycorrhizal Fungi

Ectomycorrhizal symbioses are formed on 
about 8000 plant species (Dahlberg 2001) and a 
current estimate of the number of ectomycorrhizal 
fungus (EMF) species is 7750 (Rinaldi et al. 
2008). Most of the dominant and economically 
important timber species in the Pacifi c Northwest 
are ectomycorrhiza (EM)-dependent, including 
all members of the pine, oak, and birch plant 

families (Pinaceae, Fagaceae, and Betulaceae) 
(Smith and Read 2008). Douglas-fi r (Pseudotsuga 
menziesii (Mirbel) Franko) has an estimated 2000 
EMF symbionts throughout its range (Trappe 
1977). Douglas-fi r will not grow in soil without 
ectomycorrhizal fungi (Trappe and Strand 1969).

Ectomycorrhizal fungus diversity is an 
important attribute of Pacifi c Northwest forested 
ecosystems, for instance in stabilizing below-
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ground processes after disturbances (Perry et al. 
1989). Seedlings associated with a high diversity 
of EMF may be better-adapted to disturbance 
as compared to seedlings with lower diversity 
(Simard et al. 1997). In addition, high EMF 
diversity seems to increase trees’ competitive 
abilities. A laboratory study supported this 
hypothesis by documenting that Pinus patula 
Schiede ex Schltdl. & Cham. seedlings inoculated 
with two species of EMF grew taller and put on 
more biomass than seedlings inoculated with 
only one EMF species (Sudhakara and Natarajan 
1997). 

Ectomycorrhizal fungi also form a functional 
guild linking primary producers to soil systems, are 
important in ecosystem response to disturbance 
(Perry et al. 1989), and may be sensitive indicators 
of environmental changes (Temorshuizen and 
Schaff ers 1987; Termorshuizen et al. 1990; 
Arnolds 1991; Arnebrant and Söderström 
1992). Ectomycorrhizal fungi are, with few 
exceptions, asco- and basidiomycetes and mostly 
produce macroscopic sporocarps in the form 
of mushrooms and truffl  es (epigeous or above-
ground fruiting bodies, and hypogeous or below-
ground fruiting bodies, respectively). Sporocarps 
produce the spores that disseminate the species 
and provide for genetic recombination within 
and among populations. Many species, especially 
those that produce truffl  es, are also important 
dietary items for vertebrates and invertebrates: 
some small mammal species rely on them for 
over 90 percent of their diet (Maser et al. 1978; 
Hayes et al. 1986; Claridge et al. 1996; Carey et 
al. 1999; Jacobs and Luoma 2008). 

Nursery-grown seedlings that have not been 
otherwise inoculated with EMF arrive at a 
planting site with “greenhouse-adapted” fungi 
forming the mycorrhizae on their roots, and 
some roots may be non-mycorrhizal. Species 
diversity is low and the fungi are not usually well 
adapted to the rigors of the out-planting site 
(Alvarez and Cobb 1977; Castellano and Molina 
1989). Over time, the nursery fungi are largely 
replaced by indigenous EMF species (Bledsoe 

et al. 1982). Th e rate of colonization by native 
fungi is dependent on the inoculum potential of 
the out-planting site. Harsh sites tend to have 
low inoculum potential. Hence, applying spore 
inoculum of species that vigorously colonize 
seedling roots on harsh sites should increase 
growth and survival of the out-planted nursery 
stock (Amaranthus and Perry 1987). 

Th e Diamond Lake Ranger District (Umpqua 
National Forest) has been inoculating bare-root 
conifer stock with spores of EMF just before 
out-planting seedlings onto regeneration sites. 
Spores from Rhizopogon species are a dominant 
component of the inoculum. Th e genus 
Rhizopogon is named for its typically conspicuous 
rhizomorphs that effi  ciently transport water, 
conferring drought tolerance to seedlings or 
allowing seedlings to quickly recover from 
drought (Parke et al. 1983a).

Th e inoculation treatment is intended to 
reduce transplant shock, improve growth and 
nutrient uptake, and improve survival. Successful 
inoculation of the out-planted seedlings, 
regardless of the growth response, also has the 
potential to aff ect the broader soil ecosystem. 
Because the EMF species that may be established 
by the inoculation treatment are aggressive 
colonists, they have the potential to alter the 
biodiversity of ectomycorrhizal fungi on a wide 
scale. 

Forest Management Implications

Studies from the Pacifi c Northwest indicate 
that forest management activities can infl uence 
patterns of plant succession and reduce 
ectomycorrhizal fungi and forest regeneration 
success (Wright and Tarrant 1958; Harvey et al. 
1980a, 1980b; Amaranthus et al. 1994; Waters 
et al. 1994). Development of management 
approaches to sustain these essential organisms in 
forests has been hampered by a lack of knowledge 
of EMF community structure, diversity, and 
spatial and temporal variability across stands and 
landscapes.

Several studies in northern temperate forests 
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have examined the eff ects of silvicultural 
practices, particularly clearcutting, on the EMF 
community (see review by Jones et al. 2003). 
Most studies focused on eff ects of disturbance on 
residual fungus inoculum and on the amount and 
diversity of EM types on seedlings planted in situ 
or in greenhouse experiments (Perry et al. 1982; 
Parke et al. 1983b, 1984; Pilz and Perry 1984; 
Dahlberg and Stenström 1991; Harvey et al. 
1997; Jones et al. 1997, 2002). Some studies have 
also examined EM diversity on seedlings planted 
near forest edges or aggregates of retained live 
trees (Kranabetter and Wylie 1998; Kranabetter 
1999; Kranabetter et al. 1999; Kranabetter and 
Friesen 2002).  As noted by Jones et al. (2003), 
even though the EMF community structure 
changes in response to clearcut logging, EM 
colonization of root tips remains high in PNW 
forest ecosystems. Th is led them to conclude that 
changes in the EMF community might be due 
as much to environmental and biotic factors as 
to the loss of host trees. Th e long-term eff ects 
of these changes in EMF community structure 
remain to be documented.

Outerbridge and Trofymow (2004) tested the 
hypothesis that retention of mature trees enhances 
colonization and diversity of EM fungi on 
seedlings planted in adjacent areas. It was found 
that root colonization and EM diversity declined 
with distance from mature trees. Th ey concluded 
that green-tree retention was important for the 
recovery of EM fungi in harvested sites.

Kranabetter and Friesen (2002), working with 
Western Hemlock (Tsuga heterophylla (Raf.) 
Sarg.), found that seedlings transplanted from 
mature forests into harvested gaps declined in 
both EMF species richness and abundance. 
Seedlings closest to the uncut forest edge had the 
highest values of both response variables.

On a green-tree retention site, we have found 
that a locally-sourced Rhizopogon sporocarp 
inoculum was associated with higher initial 
seedling mortality (unpublished data). However, 
our inoculum was a biologically-active slurry 
of micro-organisms and was applied during 

a rapid transition from the cool, wet season to 
the hot, dry season. Nitrogen fi xing and other 
bacteria benefi cial to the mycorrhizal symbiosis 
are associated with both EM sporocarps and 
roots (Li and Castellano 1987; Li and Hung 
1987; Garbaye and Bowen 1989; Garbaye 
1991). We hypothesize that simultaneous strong 
physiological demands from the roots, shoots, 
and microbial community (for phosphorus in 
particular) could equate to transplant shock 
and account for the higher initial mortality. In 
contrast, we found that a commercial inoculum 
consisting of a dry spore/clay powder, and lacking 
an active “helper bacteria” community, may have 
imposed less physiological stress on the roots 
during the initial growing season. Garbaye et al. 
(1992) noted diff erential eff ects of treatments on 
soil “helper bacteria” in bare-root nurseries and 
concluded that the outcomes of such complex 
ecological interactions can be diffi  cult to predict.

However after three years, neither sporocarp 
inoculum treatment was strongly linked to 
decreased seedling mortality or increased 
seedling growth. Th e level of Rhizopogon EM 
on the planted seedlings did not vary among 
spore inoculation treatments on the green-tree 
retention site (Luoma and Eberhart, unpublished 
report on fi le with the Diamond Lake Ranger 
District, Umpqua National Forest).

Ectomycorrhizae and Green-tree 
Retention

Strong correlations between the EM 
community structure of retained green trees and 
that of subsequently planted seedlings have been 
documented, but the role of direct, EM to EM 
connections via shared mycelium remains unclear 
(Teste et al. 2009). Since only three EM types 
were found on the pre-treatment nursery roots, 
we infer that the EM types found post-treatment 
were largely established from inoculum naturally 
present on the site, or as a result of our inoculation 
treatments. Our observed rapid colonization by 
non-nursery EM types is consistent with the 
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few similar studies from our region (Bledsoe 
et al. 1982; Castellano and Molina 1989). Th e 
Wilcoxina EM type was found on 50 percent of 
the pre-treatment seedlings and 93 percent of the 
post-treatment seedlings (our unpublished study, 
discussed above), suggesting a strong presence of 
Wilcoxina inoculum on the experimental site.

In our unpublished study, two Rhizopogon 
EM types in section Villosuli were broadly 
distributed among the treatments. Th ese taxa 
seem to be important within the native range of 
Pseudotsuga menziesii and where the species has 
been introduced in various parts of the world. 
Sporocarps of Rhizopogon section Villosuli were 
the major component of our local inoculum, 
and were listed as a major component of the 
commercial inoculum. 

Th ere was, however, no overall diff erence in 
Rhizopogon EM abundance among inoculum 
treatments. Such an outcome is consistent with 
green-tree retention concepts of maintaining 
legacy forest structure that, in turn, retains 
elements of biodiversity on sites (Franklin 
et al. 1999) including ectomycorrhizal fungi 
(Luoma et al. 2004; Outerbridge and Trofymow 
2004; Luoma et al. 2006; Jones et al. 2008). 
Additionally, spores of Rhizopogon have been 
found to be relatively long-lasting in the soil, and 
can serve as legacy on-site inoculum (Kjøller and 
Bruns 2003; Bruns et al. 2009). Teste et al. (2004) 
out-planted seedlings that had been inoculated 
with a Rhizopogon spore slurry at a containerized 
nursery. Th ey too, found no benefi t associated 
with the Rhizopogon spore treatment on seedling 
growth or survival, two years after out-planting. 
Th ey inferred that the local EM inoculation 
potential was suffi  cient to induce robust EM 
development. 

Conclusions

On the green-tree retention site that we 
studied (unpublished data), use of our particular 
formulations of EMF spore inoculum was largely 
superfl uous with regard to decreasing seedling 

mortality and increasing seedling growth. In 
particular, the level of Rhizopogon EM did not 
vary among fungal treatments. We concluded 
that our study site had suffi  cient legacy EMF 
inoculum, either as living mycelium or spores, to 
rapidly colonize the nursery-grown Douglas-fi r 
seedlings that were out-planted. 

A broad fi nding emerges from the various 
studies reviewed here: the EMF community, 
as seen on root tips, changes signifi cantly in 
disturbed sites compared to undisturbed, nearby 
forests. Furthermore, even on clearcut sites, these 
changes might be due as much to environmental 
and biotic factors as to loss of host trees (Jones 
et al. 2003). Th e long-term eff ects of these 
changes in EMF community structure remain 
to be documented. We concur with Outerbridge 
and Trofymow (2004) and Teste et al. (2004) 
that green-tree retention can be benefi cial in 
maintaining EMF diversity and inoculum 
potential on a site. 
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