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Abstract.--Nursery and field outplanting studies have repeatedly
denmponstrated that selected ecto- and endonycorrhi zae on nursery
seedl ings reduce culls and inprove field survival and grow h.
Mycorrhi zae are significantly affected by nursery soil factors such as
pH, drainage and noisture, fertility, and organic matter, and by
cultural practices such as soil fum gation, cover crops, and pesticide
applications. Seedling lifting, storage, and planting practices should
be designed to retain the nmaxi num nunber of feeder roots and
associ ated nycorrhizae as possible. Inoculum of several species of
ectomycorrhizae is commercially available, along with the necessary
technol ogy and nmachinery to be incorporated into standard bare-root
and contai ner nursery operations. Nurserynen and foresters are
chal l enged to utilize nycorrhizae technol ogy as an integral conponent
of seedling production and forest regeneration

| NTRODUCTI ON

Seedling quality and field perfornmance are
| argely governed by processes occurring under the
soil surface in the root zone of seedlings. Ab-
sorption of water and nutrients is a function of
the ampunt and quality of growi ng root tips or
feeder roots. The feeder roots of npbst tree
speci es are infected by specialized fungi that
form beneficial associations called mycorrhizae
(fungus-roots). These symbiotic structures
greatly increase root absorption efficiency and
are vital to the survival and growth of both the
host tree and the fungus. Conpared to nonmycor-
rhizal roots, those infected by nycorrhizal fungi
have increased absorptive capacity, nutrient fix-
ation, resistance to soil pathogens, and | ongev-
ity. As the main interface between seedling and
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tree species, including maple, sweetgum syca-
nore, ash, wal nut, and poplar, along with sone
coni fers, including cypress, redwood, and arbor-
vitae, form endomycorrhizae and depend on them
for normal growth. This mycorrhizal type occurs
on all agronom c crops, including nursery cover
crops such as sorghum corn, and the grasses
Ect omycorrhi zal fungi are associated with tree
speci es which include pine, spruce, fir, alder
beech, oak, and hickory. Both ecto- and endony-
corrhizal fungi have very broad host ranges

Endonycorrhizal fungi penetrate cortica
cells of infected roots and formnutrient-
exchangi ng structures (arbuscles) inside them A
| oose network of fungal hyphae grows fromthe
feeder root surface, extending the effective area
of the root system Endomycorrhizal roots absorb
and utilize nutrients, particularly phosphorous
better than nonnycorrhizal roots. Thick-walled
spores (vesicles) may devel op in feeder root
tissue, on the root surface, or in the root zone
These mi croscopi c "vesicul ar-arbuscul ar" (VA)
nycorrhizal fungi do not nodify root norphol ogy
or produce conspi cuous above-ground fruiting
bodi es, as do the ectomycorrhizal fungi

Ect onycorrhi zal feeder roots are visibly
different from nonsymbiotic roots. They usually
appear swollen, forked, nore prolific, and diff-
erently col ored. Fungal hyphae cover the feeder
root in a dense mantle. Strands of fungal hyphae
radiate into the soil and to the bases of fruit-
i ng bodi es produced by these fungi. Ectonycor-
rhizal fungi depend on their hosts for sinple
car bohydrates, am no acids, and vitam ns to com
plete their life cycles and produce their spore-
di ssem nating fruiting bodies. They benefit
their hosts by increasing water absorption and
accunul ati on of nitrogen, phosphorous, potassium
cal cium and other nutrients (Marx 1977).

Ext ensi ve mycorrhizae research conducted by
the USDA Forest Service and a nunber of cooper-
ating forestry agencies has identified the pri-
mary functions of mycorrhizae in tree seedling
physi ol ogy and the nursery managenment factors
that limt mycorrhizal establishment. Technol ogy
has been devel oped recently for the artificia
i nocul ati on of bare-root and container nurseries
with sel ected ectonycorrhizal fungi. Severa
types of conmercial inoculumare currently avail-
abl e for selected ectomycorrhizal fungi and can
be operationally utilized in forest tree nur-
series. Techni ques have been devel oped to iden-
tify and quantify ectomycorrhizae occurring on
seedling root systens utilizing ectomycorrhizae
as a nmeasure of seedling quality. In nunerous
contai ner and bare-root nursery studies, along
with forest and reclai ned mnel and outpl anting
studi es, selected ectomycorrhizae have signifi-
cantly increased seedling quality and field
performance. Provided with this unique technol -
ogy, nurserynmen, foresters, and m nel and recl ana-
tion specialists are challenged to understand and
utilize mycorrhizae as an integral conponent of
nursery seedling production and forest
regeneration.

BENEFI TS
Ect onycorrhi zae

Most conifer tree species, including al
pi nes, cannot grow w t hout ectonycorrhizae. This
obl i gate dependency of trees on their fungal sym
bi onts has been thoroughly substantiated through
extensive |l aboratory and field research, and
t hrough unsuccessful attenpts to introduce tree
species into areas where their synbiotic fung
were not present. After the ectomycorrhiza
fungi were introduced, trees were successfully
established (Marx 1980). In forest tree nur-
series in the United States, there is seldoma
total absence of ectonycorrhizal fungi. Seed-
lings form ectomycorrhizal associations with
naturally occurring fungi that originate from
wi ndbl own spores produced by fruiting bodies in
adj acent wi ndbreaks, seedling beds, or forest
stands. |In nurseries where cultural practices or
new field conditions have reduced ectomycorrhiza
fungus popul ations, seedlings grow poorly and do
not respond to increased fertilization. Pockets
of seedlings that do have ectonycorrhizae or even
had ectomycorrhi zae established earlier in the
season, have increased stem caliper and height,
i mproved foliage color, and a nore bal anced
shoot:root ratio than adjacent stunted seedlings
which are deficient in ectonycorrhizae

The ectonycorrhizal fungi that occur nost
commonly in bare-root nurseries, such as
Thel ephora terrestris (Tt), are ecologically
adapted to the favorable growing conditions in
nursery soils. However, these fungi are poorly
adapted to the adverse conditions of many refor-
estation and reclamation sites. Research by the
USDA Forest Service has focused on one particul ar
ectomycorrhi zal fungus, Pisolithus tinctorius
(Pt), which is especially tolerant of extreme
soi|l conditions, including |ow pH, high tenpera-
ture, drought, and toxicity. The conditions,
whi ch occur on many forest sites, inhibit other
natural ly occurring ectonycorrhizal fungi and
their host trees (Marx, Cordell, and others
1984). Pt was sel ected because of its adapta-
bility, ease of manipul ation, w de geographic and
host range, and denonstrated benefits to trees,
both in the nursery and on reforestation and
reclamation sites.

Many coni fer and sone hardwood species on a
vari ety of nursery sites have been artificially
inoculated with Pt by treating seedling con-
tainers and prefum gated nursery seedbeds (Fig.
2). Effective Pt vegetative inoculumhas con-
sistently inproved the quality of nursery seed-
lings. National container and bare-root nursery
eval uations have denonstrated the effectiveness
of several fornulations of Pt inoculum on
sel ected coni fer seedling species (Marx, Ruehle
and others 1981; Marx, Cordell, and others 1984)
During the past 10 years, over 125 bare-root nur-
sery tests have been conducted in 38 states. A
conpani on eval uation of container seedlings also
denonstrated the effectiveness of commercial Pt
vegetative inoculumin 18 nurseries in 9 states



and Canada. |nocul ated seedlings have signifi-
cantly outperformed uninocul ated checks (Fig. 3)
that contained only naturally occurring ectony-
corrhizae (predominantly Tt). Results obtained
from 34 nursery tests conducted during 3 years
showed that Pt inocul ation of southern pine seed-
lings increased fresh weight by 17 percent,
increased ectonycorrhizal devel opnment by 21 per-
cent, and decreased the nunber of cull seedlings
at lifting tinme by 27 percent (Fig. 4). The
nursery failures that have occurred have been
correlated with such factors as ineffective Pt
inoculum excessively high soil pH (above 6.5),
i nproper nursery cultural practices, pesticide
toxicity, or severe climte (Cordell 1985)

I nocul at ed seedl i ngs have been planted on
routine forestation sites, strip-mned areas,
kaolin wastes, and Christmas tree farns scattered
over the United States. Currently, over 100 Pt
ectonycorrhi zal outplantings involving 12 species

Fi gure 2.--Abundant Pt fruiting body production
between 2-0 eastern white pine seedbeds
prefum gated and i nocul ated with comerci al
Pt vegetative inocul um

Figure 3.--1-0 loblolly pine seedlings with Pt
ectomycorrhizae (left) and with only
natural ly occurring ectonycorrhizae

(right).
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Figure 4.--Increases in seedling fresh weights
and ectomycorrhizal devel opnent and
decreases in the nunber of culls are
obt ai ned by inoculating seedlings with Pt.

of conifers are being nmonitored in 20 states.
Over 75 of these outplantings contain southern
pine species (primarily loblolly [Pinus taeda L.]
and slash pine [P. elliottii Engelm var
elliottii]) in the Southern United States. Most
of these outplantings have been established since
1979; consequently, benefits to mature forest

st ands cannot be estimted. At w despread | oca-
tions, however, tree survival and early growth of
several conifer species have been significantly

i mproved by Pt inoculations in the nursery. A
significant increase (25+x) in tree volune is
still being observed on Pt-inocul ated eastern
white (P. strobus L.), loblolly, and Virginia (P.
virginiana MIIl.) pines over check trees after 10
years in western North Carolina. Loblolly pine
vol ume was 31 percent higher, and white pine vol-
ume was 151 percent higher than in uninocul ated
checks. CQutplantings established by the Ohio

Di vi si on of M nel and Recl amati on on m nel and
reclamation sites in southern Chio during 1982
and 1983 showed an average survival increase of
23 percent and 24 percent, respectively, for
Virginia and eastern white pine seedlings over
routine nursery seedlings after 2 years in the
field. Treating l|ongleaf pine (Pinus palustris
MI1l.) seedlings with Pt inoculumin the nursery
increased their survival over uninocul ated checks
by 1'7 percent after 3 years in the field in four
Sout hern States. I|nocul ati on of |ongl eaf pine
with Pt, in conmbination with selected cultura
practices in the nursery and a benonyl root
treatnent prior to field planting, has signifi-
cantly increased the field survival and early
growt h of bare-root seedlings (Kais, Snow, and
Marx 1981; Hatchell 1985).

After 8 years on a good-quality, routine
forestation site in southern Georgia, a 50 per-
cent increase was observed in volune/acre growth
of Pt-inoculated Ioblolly pine over controls
The inmprovenent was correlated with continued
Pt -inocul ated tree growt h during seasonal periods



of severe water deficit. 5 Simlar relationships
have been found in other field studies. Root
systenms wi th abundant Pt ectomycorrhizae are
apparently nore capable of extracting water and
essential nutrients fromsoil during periods of
extreme water stress than are root systens with
fewer ectonycorrhizae or with other species of
ectonmycorrhi zal fungi. These reported benefits
do not even show the full potential of Pt,
because as the fungus thrived on inocul ated
treatment plots and spread to uninocul ated plots,
treatment integrity was lost after 3 years.

Endomycorr hi zae

Any nurseryman who has encountered stunted,
chlorotic hardwood seedlings in a prefun gated
bed, despite proper fertilization, irrigation
and di sease control, is fully aware of the bene-
fits provided by endonycorrhizal fungi. Nursery
studi es have repeatedly shown increases in the
quality of seedlings with endomycorrhizae, com
pared to those w t hout endonycorrhizae (Fig. 5).
Root and stem wei ght of black cherry, boxel der
green ash, red maple, sweetgum sycanore, and
bl ack wal nut seedlings were significantly in-
creased followi ng treatnent with VA nycorrhiza
fungi (Kormanik, Schultz, and Bryan 1982). Bl ack
wal nut seedlings grown in nursery soils infested
with VA fungi retained their |eaves |onger,
extending the effective growing season by 6 to 8
weeks and resulting in greater root and shoot
bi omass production (Kormani k 1985). Benefits
from endomycorrhizae were greatest at phosphorous
levels below 'j5 ppm (150 | b/acre). At higher
soi | phosphorous concentrations, nonmycorrhiza
seedlings grew as well as endonycorrhizal seed-
lings (Kormanik et al. 1982; Kormanik 1985). In
field studi es where avail abl e phosphorous was | ow
(10-15 ppm, hardwood seedlings that had abundant
lateral roots and endonycorrhizae did not die

Figure 5.--1noculation with a VA endomnycorrhiza
fungus increased seedling bionmass of eight
har dwood species (left) conpared to
noni nocul ated seedlings (right).

5Nhrx, D.H, CE Cordell, and A d ark.
1987. Ei ght-year performance of |oblolly pine
with Pisolithus ectonycorrhizae on a good quality
forest site. Manuscript in press. USDA Forest
Servi ce, Southeastern Forest Experinment Station,
Institute for Mycorrhizal Research and Devel op-
ment, Athens, Ga. [Submitted to Southern Journa
of Applied Forestry.]

Figure 6.--Observed correl ati on between increased
number of sweetgum seedling prinmary latera
roots (= or > 1 mmdianeter) and inproved
seedling quality

back as much after outplanting as those with few
lateral roots and poor endonycorrhizal devel op-
ment. In nost forest soils, long-termbenefits
from endonmycorrhizal treatments in the nursery
are difficult to determ ne because nonmycorrhiza
root systens are quickly colonized by naturally
occurring VA fungi (Kormanik 1985).

In the extended process of eval uating root
system devel opment in relation to VA fungi, a
hi gh correl ation was found between the nunber of
primary lateral roots (1 mmor nore in dianeter)
and seedling performance after outplanting. In a
1-year-old sweetgum pl antati on, height, root-
col l ar diameter, and survival increased and top
di eback decreased (Fig. 6) as the nunmber of |at-
eral roots increased (Kormani k 1986). The previ-
ously observed correl ati on between the nunber of
| ateral roots and seedling quality remained con-
sistent as additional tree species were exam ned
Fi ndings may be applicable to conifers as well as
har dwoods and ecto- as well as endomycorrhiza
host trees. Wiile the effects of lateral root
nor phol ogy appear to be independent of nycor -
rhizal condition, they denonstrate the inportance
of assessing root systens as a conponent of
seedling quality.

Identification and Quantification

A nurseryman who hopes to maxi m ze seedling
quality should learn to recogni ze and per haps
quantify the dom nant mycorrhizal types occurring
on seedlings. Ectomycorrhizal fungi are npst
easily identified by their fruiting bodies--the
nunmerous puffballs or nushroonms that devel op sone
time after seedlings have been col oni zed. The
fungi can al so be recognized on the basis of dis-
tinct norphol ogy of ect6nycorrhizal feeder roots.
Al t hough over 2,000 ectonycorrhizal fungi are
known, only a few (1 to 3) species usually are
found in a nursery. On western fir, spruce, and
pi ne seedlings, gilled nushroons of Laccaria



(Fig. 7a) and Hebel oma (Fig. 7b) species, pored
mushroons of Suillus species (Fig. 7c), and puff-
bal | s of Rhi zopogon species (Fig. 7d) are conmon.
On or near pine seedlings in the South, puffballs
of Pisolithus tinctorius (Fig. 7e) and the papery
thin, funnel-shaped nushrooms of Thel ephora
terrestris (Fig. 7f) frequently occur. Puffballs
of Rhi zopogon species, which have white, honpge-
neous centers, can easily be distinguished from
those of Pisolithus tinctorius by their |ack of
peridioles or small sacs of spores within the
context. Recognizing and separating ectonycor-

rhi zal species on the basis of root norphol ogy
requires a trained eye, but the different colors
and shapes of ectonycorrhizae can be distin-

gui shed with practice. \Wereas nonmycorrhiza
feeder roots are generally thin, with texture and
color simlar to the larger roots, ectonycor-
rhizae usually are swollen, forked or many-
branched, and differently textured and col ored
fromthe rest of the root system

During quantitative and qualitative seedling
eval uations, a relative neasure of the anmount of
mycorrhizal occurrence is nore useful than iden-
tification of the ectomycorrhizal fungi on a
sanpl e of seedlings. Sanpling techniques have
been devel oped to estimate the proportion of a
seedling's feeder roots that are ectomycorrhizal
In neasured | engths of lateral roots, nunbers of
feeder roots with and without ectomycorrhizae are
counted (Anderson and Cordell 1979). Such | abor-
i ous exam nations may be required for research
studi es, but they are inpractical for estinmates

Figure 7.--Characteristic ectonycorrhizal fungus
fruiting bodies of (a) Laccaria sp., (b)
Hebel oma sp., (c) Suillus sp., (d) Rhizo-
pogon sp., (e) Pisolithus tinctorius, and
(f) Thel ephora terrestris.

of large quantities of operational seedlings. A
reliable estimate can be deternm ned by visua
exam nation of seedling root systens that have
been rinsed clean in water. An estinated per-
centage of ectonycorrhizal feeder roots is
assayed to each seedling and averaged for the
whol e seedling sanple. Wth experience, a seed-
ling can be evaluated in a matter of seconds.
These estimates provi de values that can be com
pared anong sanples, inventory dates, or even
different crop years. As nursery managenent
practices are refined, it becones possible to
nmoni tor the mycorrhizal conmponent of seedling
quality.

Unl i ke ectomycorrhizae, the VA endonycor-
rhi zal fungi produce no norphol ogi cal changes or
structures visible to the unai ded eye. Endony-
corrhizae can only be identified by their mcro-
scopi ¢ hypha and vesicl e norphol ogy, and by the
host association in which they occurred. In
bare-root nurseries, seedling stunting, chloro-
sis, and top di eback are often indicators of poor
endonycorrhi zal devel opment. Endomycorr hi zal
deficiencies may result fromsoil fum gation or
fromfungicide applications that elimnate or
drastically reduce soil popul ations of the fungi
Endonycorrhi zal deficiencies also occur in new
seedl ing production areas with insufficient popu-
I ati ons of appropriate endonycorrhizae. Although
endonycorrhi zae can be identified. and quantified
moni toring for possible deficiency synptonms
appeari ng among endonycorrhi zal seedings is nore
practical .

MYCORRHI ZAE NURSERY MANAGEMENT

Endonycorrhi zae or ectomycorrhizae in nur-
series can be increased by nodifying nursery
managenment practices, as well as by artificia
mycorrhi zal inocul ation. Guidelines for mycor-
rhizal nursery nanagenment pertain nore to min-
taining healthy seedling root systems than to the
requirenents of a particular species of mycor-
rhi zal fungus. Enhancenment of nycorrhizal fungi
is inseparable fromincreased seedling quality
Management for increased mycorrhizal devel opment
is not limted solely to establishing the synbi-
otic structures on roots. One nust consider
devel opnent and retention of seedling feeder
roots and nycorrhizae from seed sowing to seed-
ling lifting in the nursery and to planting the
trees in the field. Nurserynen, field foresters
and tree planters nust be nade aware of the two
synmbiotic living organisms they are handling--the
tree seedling and its conplement of mycorrhiza
fungi.

Soil and Cultural Factors

Nurserynen strive to maintain optiml soi
conditions for seedling growth. Having evol ved
with their host trees, nycorrhizae generally
require the same noisture, fertility, and pH as
the tree seedlings, but tolerance for extrenme or
adverse conditions does vary. Mcorrhizae are
adapted to the full range of forest soils, from



heavy clays to coarse sands, but their responses
to nursery practices vary with the soil type.
For exampl e, ectomycorrhizae on southern pine.
seedlings in deep sands may have nuch reduced
tol erance of the system c fungicide triadi mefon
(Bayl eton) as conpared to ectomycorrhizae occur-
ring in clayey nursery soils. Soil fum gation
with nethyl bromide fornulations is generally
nore effective in lighter, sandy soils than in
heavy cl ays, which bind the chem cal and prevent
conpl ete penetration. Simlar interactions

bet ween soil texture and conposition and mycor-
rhizae may occur for other cultural practices
including irrigation, fertilization, and appli -
cation of other pesticides.

Soil pH

The pH of nursery soils has a profound effect
on mycorrhizal establishnent and growth. As a
measure of the bal ance of acid and basic chem ca
activity in a soil, pHindicates limtations to
the availability of nutrients, the pattern of
nutrient absorption and exchange in the root
zone, and even the conposition of mcro-organi sns
(nycorrhizal fungi, saprophytes, and soil patho-
gens) in the root zone. Although mycorrhiza
synt hesis occurs on trees in soils with wi de pH
ranges throughout the world, pH of nursery soils
shoul d approxi mate the optimumfor the tree
speci es and the forest soil type. For endony-
corrhi zae on hardwoods, Kornmanik (1980) recom
mended nmmi ntaining soil pH between 5 and 6. He
cited a study in which satisfactory endonycor-
rhizal synthesis and sweetgum seedling growth
occurred at pH 4.5 and 5.5, but not at pH 6.5 or
7.5. Ectonycorrhizae also are usually favored by
slightly acidic soils, and sone, such as Pt, are
severely inhibited by soil pH over 6.5. Mst
ectonycorrhizal fungi have a pH opti num between
pH 4 and 6 when grown in pure culture, but by
mani pul ating the anmount and chem cal fornulation
of nutrients, this range can be extended or
shifted to nore acidic or alkaline pH optinums.

The indirect effect of soil pH on nutrient
availability in soils may be nore inportant in
nycorrhizae formati on than the direct effects of
pH on the fungus (Slankis 1974). All the macro-
nutrients are nore avail abl e above pH 6. Pt
thrives in nursery soils under standard fertili-
zation regines, at pH 4.5 to 5.5, and on acid
m ne spoils with soil pH as low as 3. Vegetative
i nocul um fornul ati ons of Pt produced at pH
greater than 6.0 were not as effective as inocu-
| um produced at pH below 6.0 (Marx et al. 1984).
An addi tional hazard of high soil pHin the pro-
duction of both conifer and hardwood seedlings is
the increased activity of soil pathogenic fungi
such as Fusarium and Pythium which cause danping
of f and root rot.

Soi | Drainage and Moisture

For satisfactory nycorrhizal devel opnment and
seedling growth, nursery soils nust have adequate
soi | drainage but sufficient soil npisture. In

dry soils, free water is unavailable to roots,
and nutrient absorption and exchange stop. How
ever, irrigation generally maintains adequate
soil moisture for seedling growth. In soils with
excess water, oxygen deficiency inhibits the
growth of both symbiotic fungi and tree roots.
Respiration is greater in mycorrhizal roots than
in noninfected roots. Prolonged flooding pro-
foundly changes root physiol ogy, decreasing
phosphorous fixation, decreasing perneability to
wat er and nutrients, arresting growth, and even-
tually killing roots (Slankis 1974). Seedlings
grown in poorly drained soils are subject to
danmpi ng off and root rot diseases caused by fung
with spores notile in water, such as Pythium and
Phyt opht hora. Were drainage is poor, soil con-
ditions nust be inproved by |eveling, subsoiling,
or addi ng amendnents

Soil Fertility

As with other soil factors influencing ny-
corrhizal devel opnment, fertility should be main-
tained at levels required for anple host seedling
growt h. Excessively high levels of certain nu-
trients, particularly nitrogen and phosphorous
may change chenical bal ances within seedling root
systenms, linmting nycorrhizal infection. As pH
ri ses above 6, high phosphorous and nitrogen
l evel s may be especially discouraging to mycor-
rhizal fungi. Wth soil pH at or below 6, how
ever, seedlings grown under high fertility (espe-
cially nitrogen). have produced abundant Pt ecto-
mycorrhi zae. Hardwood seedlings grown under. high
phosphorous fertility (greater than 200 ppnm) have
reduced endomycorrhi zal synthesis (10-35% down
from 40-75% wi thout reducing seedling growth
Kor mani k (1980) reconmends nmi ntenance of 75 to
100 ppm phosphorous for good hardwood seedling
and VA nycorrhizal devel opnent. Kormanik al so
reconmends up to 10 applications of nitrogen,
totaling 500 I b/acre, scheduled to capture late
season hei ght growth of hardwood seedlings fol-
| owi ng root devel opnent. Increasing total nitro-
gen from 250 to 500 | b/acre was acconpani ed by a
50- percent increase in height growth and approxi-
mately a 40-percent increase in root collar diam
eter of endonycorrhizal sweetgum seedlings,
justifying the added nitrogen cost.

Soi | Fumi gation

Ef fective soil fumi gation is necessary to
control against weeds, nematodes, insects, and
injurious soil fungi. Unfortunately, fumigation
al so kills existing popul ations of nycorrhiza
fungi. Ectomycorrhizal fungi are quickly replen-
i shed by high nunbers of w ndbl own spores from
mushroons and puffballs. Replenishnent occurs so
readily in npst nurseries, that spring rather
than fall fumigation is required before artifi-
cial ectomycorrhizae inoculations to nmnimze
conpetition fromthese naturally occurring fungi.

Spread only by physical novement of soil and
wat er, endonycorrhizal fungi are slowto return



to prefumi gation levels. VA fungi popul ati ons
are highly variable in fum gated areas and build
up in the soil only after one or nore crops are
grown. By growi ng cover crops between soil fum -
gation and sowi ng of tree seedlings, endonycor-
rhizal popul ations are at effective levels for
seedl ing production. If certain soil pathogens,
such as Cylindrocladiumsp., were not of greater
danger than having insufficient endonycorrhizae
soil fum gation should be avoi ded all together

Cover Crops

In addition to building up endomnmycorrhiza
popul ati ons, cover crops between seedling crops
rest the soil, increase organic matter content,
and i nprove soil structure. Crops of corn
sudex, sorghum millet, or grasses are effect-
tive in building up VA fungi in the plant roots
and in soil. Wnter as well as summer cover
crops will increase endomycorrhizae. Although
sorghum i nduced hi ghest densities of VA funga
spores, sweetgum seedlings grown in conpartnents
planted with corn, nmillet, sudex, and sorghum
wer e of conparable quality and size (Kormanik,
Bryan, and Schultz 1980). Crops with | onger
growi ng seasons have greater potential for root
growt h and spore production. Use of any cover
crop after fumigation nust be acconpani ed by
careful nmonitoring of any chronic soil-borne
di sease problenms that may occur in particular
nursery soils.

Pesti ci des

Many pesticides of various types are used in
nurseries, and the effects of individual chem -
cals on seedling growth or mycorrhizal synthesis
are seldom known. The effects of herbicides and
insecticides on nycorrhizae are particularly
unexpl ored. However, nmany effects of conmonly
used fungicides have been docunented. The fungi-
cides captan and benomyl are recommended for use
in conjunction with operational Pt inoculation of
bare-root nurseries. Metalaxyl (Ridom| or Sub-
due), an effective fungicide against Phytophthora
root rot, has no deleterious effect on ectony-
corrhi zae on Fraser fir when used at recomended
dosages. Perhaps the npst wi dely used fungicide
in southern pine nurseries is the systenic fungi-
cide, triadinmefon (Bayleton), used to contro
fusiformrust. Triadi mefon seed treatnments which
provi de rust control through southern pine seed-
ling emergence, have no negative inpact on natu-
rally occurring or artificially-introduced ecto-
nmycorrhizal fungi. However, foliar applications
applied three to four times during the rust
season (May-June) suppress ectonycorrhizal devel-
opment until late in the growi ng season. Pt
ectonycorrhizae are particularly susceptible to
this fungicide. Normally, by lifting time, natu-
rally occurring ectonycorrhizae, nostly
Thel ephora terrestris, have recol oni zed t he root
system Negative inpact on seedling quality is
hotly debated, but the effects on mycorrhizae are
wel | substantiated. Any and all pesticides, prior
to operational use in nurseries, should be

eval uated for their effects on mycorrhiza
devel opment as well as seedling growh

Shadi ng

Shade-tol erant conifer seedlings require sone
degree of physical shading. Too much shading
reduces photosynthesis and soil tenperatures to
the degree that mycorrhizae cannot form The
opti mum | evel of shade must be found that pro-
tects seedlings from scorching but does not
inhibit nycorrhizae

Root Pruni ng

At the proper depth and distance from seed-
lings, root pruning stinmulates formati on of com
pact root systens and increased nycorrhiza
devel opment. Injury of the root tips initiates
greater carbon allocation to the root system
whi ch causes the increased root growth. This
practice increases the anpunt of nycorrhi zal
feeder roots proximal to the seedling stem
effectively increasing the amount of mycorrhizae
that will be retained with the seedling during
lifting and handling

Seedling Lifting, Storage, and Planting

Speci al care nust be taken during all stages
of seedling handling to nmaintain sufficient root
systems and mycorrhi zae. Mycorrhizae are deli -
cate structures. They can be ripped off and left
behind in seedling beds during lifting, desic-
cated in storag4, or cut off prior to field
pl anting. For sustained seedling quality, lift-
ing and handling techni ques nust be nodified to
m nimze damage to feeder roots and nycorrhi zae
Stripping of roots adds severe negative inpacts
on seedling field performance (Marx and Hat chel
1986). Full bed seedling harvesters are |ess
destructive than single- or double-row lifters.
Condition of the root systenms shoul d be checked
during the entire lifting process; even slight
reductions in tractor speed can greatly reduce
damage to the roots as seedlings are lifted

During transfer of seedlings fromthe field
to the packing roomand at all other tinmes when
seedl i ngs are handl ed, special care is required
to avoid drying of the roots by exposure to w nd
and sun. The procedure by which seedlings are
packed influences their ability to endure storage
and survive field planting. |If extended storage
is required, Kraft paper bags with a polyethyl ene
seal will maintain seedling noisture better than
seedling bales. Cold storage is vital to slow
seedling respiration. Studies conparing packing
mat eri al have deternined that seedling surviva
is better when peat npss, clay, or inert super-
absorbents are used rather than hydronul ch
(Cordell, Kais, Barnett, and Affeltranger 1984).
The material should be distributed through the
bag, not sinply dunped at the bottom or top.
Better results are obtai ned when all root systens
are coated or at least in contact with the pack-



ing material. Nunerous studi es have docunented
the effects of |ong-termstorage on seedling
quality. For nost tree species and their nycor-
rhizae, storage for 2 to 6 weeks is not harnful
Beyond the threshold for each species, however
significant negative effects can occur.

Seedling quality is vulnerable to any one or
more limting factor. Even if quality is main-
tai ned through seedling growmh, lifting, and
storage, it could still be severely reduced by
i nproper transportation to the planting site or
rough handling during planting. Tree planters
shoul d under stand proper planting nethods and the
reasons for them Where possible, seedlings
shoul d be transported under refrigeration. If
that is not possible, they should be covered and
stacked with spacers to avoid high tenperature
bui | dup inside the seedling containers. For
machi ne or hand planting, root pruning at the
planting site should be avoi ded because it elim-
nates carefully nurtured feeder roots and mycor-
rhi zae. High tenperature, high wi nds, and | ow
hum dity kill feeder roots and nycorrhizae very
rapidly. The first priority in planting should
al ways be to maintain seedling viability and
vigor. The rate at which acres are planted is of
no consequence if the seedlings do not survive.

Ect onycorrhi zal Fungus | nocul ati ons
Ect onycorrhi zal Fungus | nocul um

Until recently, artificial inoculation of Pt
or any other ectomycorrhizal fungus species was
limted because procedures, commercial fungus
i noculum and necessary equi pnent were not read-
ily available to nurserymen. The USDA For est
Servi ce has been cooperating with several private
conpani es to develop different types of commer-
cial ectonycorrhizal inoculum along wth equip-
ment and procedures needed for inoculating bare-
root and container-grown seedlings. In addition
to Pt ectonycorrhizal inoculum strains of
Hebel oma sp., Laccaria sp., and Scl erodernma sp
are currently available. The types of Pt inoc-
ulum that are avail able are vegetative inocul um
from Mycorr Tech, Worthington, Pennsylvania,
spore pellets, spore-encapsul ated seeds, and bul k
spores fromeither International Forest Tree Seed
Co., Odenville, Al abamm, or SouthPine, Inc.

Bi r M ngham Al abama. A nursery seedbed appli -
cator (Fig. 8) has been devel oped to accurately
pl ace Pt vegetative inoculumin seedbeds prior to
sowi ng in bare-root nurseries. lInoculumis
applied in bands under seed rows at desired
depths (Fig. 9). Use of the applicator has
reduced the ampunt of vegetative inocul um needed
by 75 percent and reduced tine and | abor require-
ments as conpared to broadcast application

I nocul um Costs

There is a wide range in the cost of conmer-
cial Pt inoculum (Table 1). Cost of the each
inoculum type also varies with such factors as

Figure 8.--A comercially avail abl e machi ne
appl i es bands of commercial Pt
vegetative inoculumto a bare-root
nursery seedbed
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Figure 9.--Diagram of a bare-root nursery
seedbed shows bands of Pt vegetative
i nocul um under seedling rows in root
zones.

Table 1. --Conmmercial Pt inoculum costs.

I nocul um cost per

Pt 1, 000 pl ant ed pl ant ed
i nocul um type seedl i ngs hectare acre
Veget ative $10. 00 $17. 94 $7. 26
mycel i um
Spor e- $ 2.22 $ 3.98 $1.61
encapsul at ed
seeds
Spore pellets $ 2.75 $ 4.93 $2. 00
Double-screened2 $ 0.43 $ 0.77 $0. 31

bul k spores

lCost estimates are for loblolly and sl ash
. . . 2
pi ne bare-root purseries (269 seedlings/m or
25 seedlings/ft™) and forest plantings (1.8 x
3.0 mor 6 x 10 ft. spacing; 1,794 trees/ha. or
726 trees/ac.) in the Southern United States.

2 . . .

Doubl e screening is required for even flow
t hrough spray nozzles. Standard bul k spores are
only screened once



nursery seedling density, seed size for spore-
encapsul ated seeds, and field planting spacing.
In 1987, the Pt vegetative inoculum costs for
bare-root nurseries per unit of forest product
were reduced 25 percent by increasing nursery
seedbed inocul ation efficiency, inproving effec-
tiveness of inoculum and decreasing application
rates. The vegetative myceliumis sold on a
volume (liter) basis, while the spore inocula are
all sold on a weight (pound) basis.

I nocul ati on Procedures

Operational procedures vary anong the diff-
erent commercial Pt inoculumtypes, but with any
inoculum the biological requirenents of a second
living organism are added to those of the seed-
ling. Special precautions are necessary for
shi ppi ng, storing, and handling the Pt inocul um
as well as for lifting, handling, and field
pl anting of seedlings. For successful Pt inocu-
lation in bare-root seedbeds, popul ations of
pat hogeni ¢ and saprophytic fungi and native ecto-
nmycorrhi zal fungi that may al ready be established
in the soil nust be reduced by spring soil fum -
gation. Prior to spring sowi ng, vegetative inoc-
ulum can be broadcast on the soil surface and
incorporated into the fum gated seedbeds or it
can be machine-applied with greater effectiveness
and efficiency. For container-grown seedlings,
veget ative i noculum can be incorporated into the
growi ng nmedi um before filling the containers or
pl aced at selected depths in the grow ng nedi um
in the container. Bulk spores can be sprayed
drenched, or dusted onto grow ng medium for con-
tai nerized seedlings and onto seedbeds in bare-
root nurseries. Spore pellets can either be
incorporated into the grow ng medium or seedbed
soil, or they can be broadcast on the soil sur-
face, lightly covered, and irrigated. Spore
pell ets have been applied at several nurseries
with a standard fertilizer spreader (Fig. 10)
Spor e- encapsul at ed seeds can be sown by conven-
tional methods. A nmjor disadvantage of the Pt
spore inoculumis the absence of a reliable neans
of determining or controlling spore viability.
Consequently, Pt ectomycorrhizal devel opnent has
been considerably | ess consistent and effective
with spore inoculumthan with vegetative
i nocul um

Figure 10.--Commercially available Pt spore
pellets are applied to a nursery
seedbed with a standard fertilizer
applicator.

MILLION SEEDLINGS
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Figure 11.--Increased Pt-inocul ated custom
seedl i ng production in bare-root and
contai ner seedling nurseries, 1984-87.

Operational Applications

The demand for Pt-tailored nursery seedlings
has significantly increased during the past 4
years, despite the added costs and financial dif-
ficulties that nost forestry agencies are cur-
rently experiencing. Since 1984, annual demand
for tailored seedlings has increased 10-fold from
0.5 mllion to 5 mllion seedlings (Fig. 11).
During the spring of 1986, Pt vegetative inocul um
was operationally applied at 10 bare-root nur-
series in the Southern and Central United States.
Approximately 2_mllion seedlings of 9 conifer
and 1 hardwood species were produced. |n addi-
tion, over 1 million pine seedlings were inocu-
lated with spore pellets. During the spring of
1987, Pt vegetative inoculumwas applied at five
bare-root nurseries in the Southern and Centra
United States. Mdre than 3 million seedlings of
five conifer and one hardwood species were inocu-
lated. More than 2 mllion seedlings are being
produced at a South Carolina State nursery for
the USDA Forest Service, Savannah River Forest
Station, and the United States Departnent of
Energy. This represents the |argest single
application of an ectomycorrhizal fungus in a
forest tree nursery to date. Over 2 nmillion
addi tional pine seedlings were inoculated with
spore pellets at two bare-root nurseries in North
Carolina and South Carolina and a container seed-
ling nursery in Al abang.

Endonycorrhi zal Fungus | nocul ati ons

Al t hough the technol ogy required to produce
VA mycorrhizal inoculumand to inoculate soils
and plants is available and in use on certain
agricultural and orchard crops that are highly
dependent on endomycorrhi zae, artificial inocu-
lation of forest tree seedlings is not generally
feasi bl e. For nost tree species, the phosphorous
threshold is | ow enough that increased fertili-
zation can remedy the effects of endomycorrhiza
deficiencies. In addition, within severa



nont hs, indi genous VA fungi on nost reforestation
sites col oni ze root systenms of seedlings that
were deficient in endomycorrhizae at the nursery.
However, artificial inoculation may be beneficia
i f continued endonycorrhizal deficiencies and
subsequent reductions in seedling quality occur
at a nursery despite nodifications in fertiliza-
tion, fum gation, and crop rotation.

Di fferent methods of artificial inoculation
with variable potential benefits nay be utilized.
Nurserymen can add endonycorrhizal forest soils
to the nursery soil, add soil froman area previ-
ously used to produce endonycorrhizal seedlings
or build up VA fungi popul ations through cover
cropping. Soil or roots fromthe cover crop area
can be spread over a deficient area and tilled
into the soil. A potential problemwth any of
these nethods is that soil pathogens can be
i ntroduced or increased by the same processes
that introduce or increase VA fungi. Comer-
cially avail abl e pot cultures of endonycorrhiza
hosts grown under aseptic conditions can provide
potentially cleaner and nore effective inocul um
consi sting of soil and roots. Various types of
VA fungal inocula are currently produced by NPI
(Native Plants, Inc.), Salt Lake City, Utah
84108. This endonycorrhizal "starter" inoculum
can be used to introduce appropriate VA fung
into fum gated or naturally deficient soils.
Cover cropping can then be used to build up the
VA fungal popul ations to effective levels for the
producti on of endonycorrhizal seedlings.

CONCLUSI ON

Symbiotic relationshi ps between tree seed-
Iings and nycorrhizal fungi are the rule in
nature. Conifer and hardwood nursery seedlings
requi re adequate quantities and quality of either
ecto- or endonycorrhizae to neet seedling quality
standards. M ni mum quantities or ampunts of
mycorrhizae are required to provide adequate
field survival and growth. For southern pines
produced in bare-root nurseries, this mninmm
ectonycorrhizae quantity has been established at
35 percent of the total seedling feeder roots on
90 percent or nore of the seedlings. It should

be enphasi zed that this 35 percent nust be
pres-ent when the pine seedlings are planted in
the field. The quality of ectomycorrhizae for a
planting site depends on the host tree-fungus
speci es conbi nation; optimum conbi nati ons can be
produced by inocul ating seedlings for specific
applications, such as mneland reclamation. Cus-
tom producti on of mycorrhizal seedlings has been
i ncorporated into bare-root and container nursery
operations. The quality of mycorrhizae and of
seedlings can al so be inproved through carefu
managenent of existing ecto- or endonycorrhizae

Regardl ess of the selected alternatives, nur-
serymen, field foresters, and tree planters nust
be aware that they are dealing with two synbiotic
living organi sns--the tree seedling and the ny-
corrhizal fungus. Both must be nurtured to pro-
vi de seedlings of the highest quality for field

forestation. The tree seedling-nmycorrhizal fun-
gus synbiotic relationship is an integral conpo-
nent of nursery seedling production. Any esti-
mat es of seedling quality that exclude quanti -
tative and qualitative mycorrhizal assessments
are inconplete and unrealistic.

LI TERATURE Cl TED

Ander son, Robert L., and Charles E. Cordell
1979. How to: recognize and quantify ecto-
mycorrhi zae on conifers. USDA Forestry
Bulletin SA-FB/P8. 9 p. State and Private
Forestry, Atlanta, Ga

Cordell, CE, A G Kais, J.P. Barnett, and C E
Affel tranger. 1984. Effects of benonyl
root storage treatnments on | ongl eaf pine
seedl ing survival and brown-spot disease
i nci dence. p. 84-88. |In Proceedings of the
1984 southern nursery conferences. [Western
Session: Alexandria, La. June 11-14, 1985].
USDA Forest Service, Atlanta, Ga.

Cordell, Charles E. 1985. The application of
Pisolithus tinctorius ectomycorrhizae in
forest |and management. p. 69-72. In
Proceedi ngs of the 6th North American
conference on nycorrhizae. [Bend, Oreg.
June 25-29, 1984]. Oregon State University,
Corval lis, Oreg.

Hatchell, dyndon E. 1985. Nursery cultura
practices affect field performance of |ong-
| eaf pine. p. 148-156. I n Proceedings of
the international synposiumon nursery
managenment practices for the southern
pi nes. [Montgonery, Ala. August 4-9, 1985].
Al abama Agri cul tural Experinment Station,
Auburn University, Ala.

Kais, A.G, G A Snow, and D.H Marx. 1981.
The effects of benonyl and Pisolithus
tinctorius ectomycorrhizae on surviva
and growth of |ongleaf pine seedlings
South. J. Appl. For. 5(4):189-195..

Kor mani k, Paul P. 1981. Effects of nursery
practices on vesicul ar-arbuscul ar nycor -
rhi zal devel opnent and hardwood seedling
production. p. 63-67. In Proceedings of
the 1980 southern nursery conference. [Lake
Bar kl ey, Ky. Septenber 2-4, 1980]. Tech-
ni cal Publication SA-TP 17. USDA For est
Service, Region 8, Atlanta, Ga

Kor mani k, Paul P. 1985. Effects of phosphorous
and vesi cul ar - arbuscul ar mycorrhi zae on
growth and | eaf retention of black wal nut
seedlings. Can. J. For. Res. 15:688-693

Kor mani k, Paul P. 1986. Lateral root norphol ogy
as an expression of sweetgum seedling
quality. For. Sci. 32(3):595-604.

Kor mani k, Paul P., W Craig Bryan, and Richard C
Schultz. 1980. Increasing endomycorrhizal



Kor mani k, Paul P.,

Mar x,

Mar x,

fungus inoculumin forest nursery soil
with cover crops. South. J. Appl. For.
4(3):151-153.

Ri chard C. Schultz, and
Wlliam C. Bryan. 1982. The influence of
vesi cul ar-arbuscul ar mycorrhi zae on the
growt h and devel opnent of eight hardwood
tree species. For. Sci. 28(3):531-539.

D.H 1980. Ectonycorrhizal fungus inocu-
lations: A tool for inproving forestation
practices. p. 13-71. _In Tropical nycor-

rhiza research (Mkola, P. ed), C arendon
Press, Oxford.

D.H, C.E Cordell, D S. Kenney, J.G
Mexal, J.D. Artman, J.W Riffle, and R J.
Mol ina. 1984. Commercial vegetative

i nocul um of Pisolithus tinctorius and

i nocul ation techni ques for devel opnent of
ectonycor

Mar x,

Mar x,

Mar X,

rhi zae on bare-root tree seedlings. For.
Sci. Monogr. No. 25. 101 p. Society of
Anerican Foresters, Washington, D.C

D.H, J.L. Ruehle, D.S. Kenney, C.E.
Cordell, J.W Riffle, RJ. Mdlina, WH.
Pawuk, S. Navratil, R W Tinus, and O C.
Goodwi n. 1981. Commerci al vegetative

i nocul um of Pisolithus tinctorius and

i nocul ation techniques for devel opment of
ectomycorrhi zae on container-grown tree
seedlings. For. Sci. 28(2):373-400.

Donald H. 1977. The role of mycorrhizae
in forest production. Tappi 60:151-161.

Donald H., and G yndon E. Hatchell. 1986.
Root stripping of ectomycorrhizae decreases
field performance of loblolly and | ongl eaf
pi ne seedlings. South. J. Appl. For.

10: 173-179.



