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Abwtraet. Severely shunted, phosphorus-deficient Douglas-fir seedlings grown in a sewly
develaped western Oregon nuorsery fasled o respond o fertilization dusing their secoad grow.
ing senson. The soedlings proved o be nonmycorchizal; ectomyoorrhizel fusgi were appamntly
aparie s the soil die to the previows long period of agsicultural use of the tract combined with
the land leveling and scil fumigaricn durisg development al’ the narsery, Tncculation of af-
fected beds with myeotchizal Fungd i soil from a nearby bed of eccomycorrhizal crnnaplant
scedlings significantly incressed phospharus upeake ard growth of seedfings during the third
growing srason, Seadhng groweh was furcher enhanced by combisieg inosulatian with Getili-
zaticn. By the ead of the thind growing season, most marviving seedlings om usinoculared plots
had Begun to form myvcorrhizae from meteral sources of Tnfectine

Additional h‘l"'ll"'l-l"*- -I"-i-m&l'u;\: mn'-h'r.n':'. sl Farrﬁ:nl:il:rn,. 'ph:pburu: NERTon,

Mawy conifers require ectomycorrhizae
for normal growth and development
beyond the first year after seed germina-
tton. Where symbiotic fungal associaces
are naturally lacking, foresters hawve
recognized the need to import them for
inoculation 1ate nursery smils  (Bowen
1965}, Nurseries growing native eree
species in forested regions, however,
have rarely had mycorrhizal problems
because pative fungl uspally provide
reliable and continuing inoculation. Bue
even In these nurseries circumstances
can combine o produce a deficic of
mycorrhizal fungi, resulting in serious
loss of seedlings. In this paper we repore
such a situation and the resules of an
experiment conducted to provide a basis
for prescribing corrective measures.

Background

In August 1961, the Industrial Forestry
Association (IFA) purchased a tract in

the Willamette Valley near Canby,
COregon, as a forest nursery site, The
highly uctive soil, 2 Sifton fine zandy
loam, had been used for agriculture for
years, the most recent use being for
turkey and grain crops. The Amse bads for

the 1962 seedling crop were constructed
imn & Faiely level portion of the trace, which
included & recently uprooted filbert
(Corvius sp) orchard. Much of the re-
maining area, frse sown in 1963, was
gently rolling and required leveling to
construct nursery beds. Top soil had been
removed prior to leveling and  reatored
as practicable.

From previous experiences in the IFA
Frecley i?‘*mt Nupr::-}' at Nisqually,
Washington, the nursery staff concluded
that soil fumigation prior to sowing was
desirable to reduce weeding coses and
losses from root pathogens. So, at Canby,
similar soil fumnigarion with a chlorpierin-
ethylene bromide mixture was npp]i-ud 1)
both the 1962 and 1963 sowings.

Douglas-fir  (Preudotsnga  menziesii
(Mirb.) Franco) seedlings sown in 1962
grew slowly and became chlorotic on
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[ocalized areas during ehe second growing
seson, They apparently recovered afrer
application of ammonium sulfate ac 100
b per aere (112 kg per ha).

The 193 sowing in the leveled pare
of the nursery likewise produced areas
of discolored and stunted seedlings [Figs.
I and 2}, These areas of stunting were
miore extensive than i che 1962 }:lw.-'ingl
and the Htl:\-:i“.'lgu .'|'.-:i wak rve_-.sp-c:-nd fin
similar fertilization. Alse, affected areas
seemed to be associated with exposure
of subsoil from the leveling operation. A
subsequent  fercilizer trial of essential
slements failled to i:11pr-::|'.-'|= nn't:ri.ling colar
ar restore normal growth race. Islands of
seedlings did recover in affected beds, bue
with no relationship to fereilizing (Fig, 1).
Soil and folinge from both these islands
ardl the stunted seedlings were sampled
for l:'\-.xlrl]!l:lrim:ln by  ehemical .'||'|.a|:.-'5i-;.
Soils were generally comparable in o all

TIGUrEE 2, Stwided, norswwrdinn, MM Dowpla-
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seedllMg 1 DAy sewier Bad poefoaar 1 prennh cheark
aned Bad mypcarrhizes ow i deerer roars.

respects (Iabkle 1), bur folisr concents
of elements were distinctly lower for
stunted seedlings—espeaally phosphorus
(less than one-third that of recovered
seedlings) {Table ). Folinge of stunted
seedlings showed the F|I.II'F!-|'i$.|'.| cast typical
uf zevers I:-l'rUhPI‘I-:I:I‘I.I:i deficiency. Sub-
sequent roob examination revealed good
ectomycorrthizal development on Bormal
seedlings and none on stunted seedlings.

Methods

To test the effects of inoculation wieh
mycorrhizal fungi and possible inter.
actiong between fertilization and inocu
lapon, we established three replicare
blocks of plots in the most severely
affeceed part of the nursery on September
10, 1964 (Fig. 1). Eight plots, 45 cm long
and bed-wide (gach bed had eight rows
of Douglas-fr seedlings), were laid out
in each block in spots selected for pre-
ponderance of stunted seedlings. Seed-

TABLE 7. Chewmicad analysis of seil from wider stuwied  and Spoiniaireon sy reconered

seediings; Canby Nursery, secand growing season, July FOH.

LInganic Tacal
Seedling pH maather b ]
Frreemi Pereent
Wecoversd i1 7.6l 0. 1%
§.20 18

Smanted 5.0

':«...l'.l'.lll I'L'l."-]ll.llur‘.l-l’lr
L hﬁllH'.'
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TABLE &, Chemicad arnalyvsis of foliage' fron siawied and spoifaneanddy veravered seediings;
Candy Nurrery, tecond growing searo, Suly f0L.

:"'l.'.'ljl;l:!h H.l.l'.[!ll\.' i I
Recaversd 1 .81
i 1,76
Simnted 1 1.49
. 1,48

|i|'|gh. i'| i ,;| ;II':| (4] |:I- AL |'| I}Illr WETE ||I.I|§
awt with minimal disturbance to ad-
jacent rows. A narmow ditch, smlar to
those left in rows 3 and 6, was dug out
side the outer row of both sides of the
bed. By this procedure, each remaining
~;_-|_=|,|||;'|E_r oA WS :||;i__::||'|_'|'|| to a ditch,
which served as a receptacle for inoculum.

Fach of four isocularion treatments
wits established i rwa |':|.'|:|ll|'|':|:-' selected
otz within each block: (1) conteol
ditches refilled with soill orginally re
[ERLEL |_'.| 3 | i)} My CorT I'li:-".ll --\.Iil = I:iil!.'l'l"\- +”:'1C!

arerrang aw beals of ptwated e

anterplamied fevnlitngs udes the free

Ieadiiungs fu M same duocildred plar ar phanw ar &7 4

(1 pereend)

" ko LCa Mg
017 1.17 .2 012
1R 1.14 15 11
15 4h I3 i}
I3 15 Il {1}

! Analvess by B. L. Carerdchas], Liregon Seane Uriversiry Forest Fesearch Laborarary.

with soil taken from n bed of vigorous,
heavily ectomycorchizal, 2-1 transplant
seedlings; (3) incerplanted transplanes—
vigorous, -1 ectomycorrhizal seedlings
n treatment 2,
planted at approximately $-em spacing
im ditches which were refilled with the
enil originally remowved; and (4) inter-
planted ectomycorchizal seedlings from
scactered  wigorous patches n beds o
otherwise stunted seedlings (Fig. 1),
planeed at approximately S-cm spacing in
ditches which were refilled with the soil
ortginally remaved (Fug. 3, lefe).

from beds mentroned

Irczrnm 3, Labey Flad imsewlatad wvrd mopranrhizas by wierplaniivg with miperour mepvarrdiead srealimps from ponke b

diped I, ofrivhzed, F ovear ger freatment, The foeh procech of thee harps,
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One of the two ploes for each inocula-
rion treatment wichin ench hlock was
hroadease-fertilized with a mizture of
urea, fr{'h]E-ﬁ-'l.lFll:l]:llfll.lhl.'ljlilrt'l and muriaee
of potash at a per-acre rate of 50 b of
mitrogen, 100 Ib of phosphonis, and 25
b of potassum  (respectively 56, 112
amdd 28 kg per ha). The other plot af sach
pair was left unfertilized.

In October 19685, about 13 montghs
afber  treatment, seedlings were  lifeod
from the ceneral 15.cm portion of all
seeddling rows of each plot. Twenty of
these seedlings were randomly selecred
for determining ovendry weighes of roots,
tops, and fobage, The dried foliage was
'-.l:|1xL|.|11|,.r|r]\ analyzed for congenr  of
nitrogen, calcium, potassium, phosphorus,
andd magnesium, An addivional 10 seed-
lings were randomly selected for measure-
ment of lengeh of terminal shoot and
needles grown before (1984 and after

(1965 treatment and for frequency of

mycorrhiza fermation, The five longesr
needles from each year's complement
were measared. Presence of rn:.'l'::lrr]|i'.r:||_'
wis spor  Checked microscopically  on
hand-cur  rootlet sections.  Estimaring
frequency of mycorrhizae on individual
‘ami]rngx rlnuu'c:l LNNECELenry, -:m.m_ my-
corrhizae were either 1|n:|'|’nr|:n.|:| abumdant
or anly spargely present on deeper roots.

All numerical dara were submitied o
variance analyzis,

Resulis

Means of plots, blocks, or treatments for
lengths of shoots and needles grown in
1364, the season preceding trearmenr,
revealed no significant differences.  All
plots eould accordingly be assumed to
|1|r|.'|-'i_‘, i I:I'll.' AV eErage, n:u!n:”i.ﬂgg fag l_'|__||,|il.'.;|_
lent stages of development at the outset
of the experiment.

When lifted, at least some surviving
seedlings in all plots had bepun o re-
cover from the srunting. Seedlings from
imoculated plots, however, were uniformly
dark green and thrifty (Fig. 3, righ).
Most seedlings from conerol plots were
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it best only in an carly stage of recovery
I'-:il_.:. 'I'.' aricd 1:I$IJ;||:-' :-'|||:-|.||||;i..q,| IF4r-
ality wis evident.

Inoculated  seedlings  had  abondant,
"-'ﬁ.'"'r‘"rl'ﬁ.'w.i Ly e ] hiwae |||.i|-.\_|'.'||!'.
distributed t|1I!'-ug.‘1<.=.'.|: eheir oot sy EIEMS,
vhersas a few myeorrhizae had begun oo
orm only on the deeper rooes of control
seedhings. Apparendy, inoculation treat-
ments  had  rapidly  provided 2 good
population of mycorhizal fungi, bat
B control |1|'!:'f!~' the r'unr_.u friem reea]ual
warrces or naeueal inoculation had ::]'\-ren..i
dowly and erracically,

Although morphalogical classification
of the coromycorrhizae was nor  ar-
iempeed, we noted Four distinctly  dif-
krent types, :1p]'-.|r\-.'|'.r|:.' formed l;:-:.' dif-
krent fungl. Microscopic check of root
tips having abundant root hais and
heking any sign of .|'I.II:||_.L al mantle showsd
shaence of fungal infection in all cases.
Moy ectendomyeorrhizas were found.,

imocudatton.  Mean phosphorus  contene
of foliage and 1965 shoor length were
both 'H-I_..lliri'..ull'll.". ||L|:|.' '.!.ir'| inocularion
f-m'mgt' of crearmenes 2, 3, and 41 than
withour,



TARLE 3 Meaw sadeer of [Dnplerfir secding cheradarialer megrared 88 coalvads sfects
of wyrormhizal inocadstion and feridizariss in wernery Sl

Inaoal ared
= rraraplant
Charncrenanc Llnits Lsircculsed b il TUhnfaralized Foanlizad

Top dry weighs g 0.24 g {1 E) 0.5*
Begn dry welght g .2 A S 36
Folings dry waght 2 4 i 15 i L
Height growth, 1584 om ta 1.5 .l N
Lersgth af I9EX nendka em 1.4 1.8 1.7 1.9
Folinge cateeak:

3 & we 7 o ] ek |

N % W 1.680 [ ] (er I.00*

K T owe | BE A N E

Cu e 55 T A 53

g Fin k| 530 i1 i

¥ Significars at che §-peremt confdency lovel.

Imocubagion wich soil from wnder myooe.
ribazal seedlings {creagment 7} addicionally
requlted in ogsificasdly higher svean dry
wesghts of 1ops, rooes, and foliage as well
as loager 1965 needles chan occurred in
unincealared ploes {Tahble 3, Fig. 5. No
mach respomeses resulted from incouolacion
by interplantieg mycorchizal seadlings
{ereatmeents 3 and 4). We ascribed chis
lack d’lﬁ!ﬂ:ttuaupmufu*ﬂmd
seedlings by the dersely owertopping
inverplants (Fig. 3, leftl. Even so, the
wregbed  seedlings did have abwsdan:
mycorrhizae, and, ate ther relatively
sgandly forin, mack healthdsr appearing
mtedles than did wninccalaed scedlings
(Fige. 3 righe, and 4).

Izoculared seedlings did noe  Aifer
ugnificantly from aninocalated in Jolinge
cantent of aiteogen, potasivm, cakaum,
oF magnesium,

Fertiiizariaw. Aversging out inocalation
effeces, a significane posieive effect fram
fertilization ocoerred only for  mean
seadling wop and folisge weight, 1965
height growsh, and fofiar contene of
nrbrogen and caleum [Table 3, However,
the mezan dara for top and foliage weighes
{Fig. 5} indicazed that uninooslated plocs
did mot respond eo fertdization, whake
plots  moosated with  sail l:-:-:l:utuning:

myoorrhizal fungl  (creasmens 3} omee
sponded markedly. Sizce inooalatson with
mycorrhizal tranaplane seedlings [reat.
meenits J and 4) incroduced the extraneous
suppression. of  treated  sesdlings, an
additional amalysis of varanee was com-
pubed to comnpare combrols with Ereatment
1 glne.

fmarulairen % Feeoibzaran  Dnfevardise.
Statsrical comparison of congrols with
insulation  treatment 2 showed  that
folisge and rop weights awer sig-
nificantly more for seedlings boch inocu-
Ii-l'l-d fertilized than for secdlimgs
red only one these Creatmments,
Cleasly, ferrilizarion produced 3 grewth
r;ﬂnnu only oo mycorrhizal seedlings
. Mo eguificest  inteructions
nr::u.:rad for the oeher sreweed variahles.
A test for differemces in fopmoac
Gacans. Toe higher the mean seding
cRnL, i1
top waight, the proporticnately hgher
wis the roor weight, regardless of inoca-
lagion o ferolation (Fag. 51

Cbservations on Mycorrhlzsl Fungl

We vemted the
thru'ngi'mul this :rmd{ Cia
m

castuns, fou
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Nty e
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patches of vigorous seedlings dotting the
beds of stunted seedlings. Collections of
each, deposited in the herbarium of
Oregon State University, are indicated
by the iealicized numbers following species
nAmes:

Hebeloma  crustwliniforme  (Bull,  ex
5t. Am.) Quél.—Trappe J57

Tnocybe lacera (Fr.) Quél—Trappe 365

Laccaria faceata [(Scop. ex Fr.) Berk. &
Br—Trappe #57

Thelephewa tervestvis Fhrh. ex Fr.-
Trappe I58

These fungi are proven ectomyeorrhiza
formers (Bryan and Zak 1961, Marx 1964,
Trappe 1967) with the exception of the
Tuacybe, which can be considered a prob-
able ectomycorrhizal fungus pending ex-
perimental proof, All are nonselective i
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respect to mycorrhizal host  associaves
(Trappe 1962, Hacskaylo 1965).

Judged by occurrence of mushrooms,
Frocybe lacera was easily the most abun-
dant and uniformly distributed of the
four fungi. It frequently occurred in
“fairy rings” outlining the edges of
patches of wigorous seedlings (Fig. 6).
In past years, Trappe found it fruiting
abundantly in beds af ]:H':Illgli-‘l—ﬁr' sesd-
lings at the Forest Service Wind River
Mursery at Carson, Washingeon (Trappe
&), as well as in pioneering plant com-
munities such as on the Kaue Creek
flood alluvium in Mount Rainier Naticaal
Park (Trappe #59). Its apparent ability
tn thrive in nonforested scils should
make it an AgEressive competitor  in
nuriery soils.

Thelephora ferresiris  is 2 commaon



Firovne 6 Mushrpows of Twscpbe dorera [arrims
frdifeg in a ring aronkd 2 parek af wigorand,
wyrarrhread Danghrfr peediimgs.

mycorthizal fungus ar Canby as well as
in other nurseries (cf. Hacskaylo 1965),
and it alis occurs with myeorrhizal
hosts in pioneer corminunities such as on
the recent rerminal moraines of Emmons
Cilacier in Mount Rainier Narional Park
i Trappe &5 and f07f) or on waste banks
fromn anthracite mining in Pennsylvama
(Schramm 1966). Like [, facera, this
-:'|'|:1;i1;": wpFeEdrs [0 b '|_1:tr|:'-|n|,_|a:r|.:|' well
ndapted ro nursery conditions.

Hebeloma erustuitaiforme and Leccaria
fieeate both occur in widely  diverse
habicats and thus can evidently adapt
well to an envirenment so long as mycor
rhizal hosts are present. H. erustuiini-
farme froited abundanely in the Canby
nursery, but £, faccata was found only
in & few spots.

Expansion of Infection Centers

As deseribed earlier, patches of a few
to several hundred vigorous, mycorrhieal
seedlings occurred seemingly at random
among the severely stunted, nonmycorrhi-
zal seedlings (Fig, 1). When the expen
ments were installed, we hoped o ger
quancitative data on rage of parch
expansion ns an index of rare of spresul
of mycorrhizal infection. Between the
time of original and scheduled final meas-
urement of selected paeches, however,
::1:rr\-|:i||n|.|.i||l_.', seedling  began o show

general recovery from stunting, Exami-
pation of reots at fime of second mensure-
mene revealed chat mycorrhizal infections
were generally well distributed chrough
out these particular beds. There were no
discrete patch edges o be measured,
so radial spread of mycorchizal infection
during the preceding year could not
he determined.

Dbservations of these and ocher putches
do permit speculation on a sequence of
events which could Ip:gin any time during
the growing season. One or a few adjacent
stunted seedlings in o row suddenly
bwrst their terminal bude and began to
grow, A few mycorrhizas having been
formed on deep roots {ie, 1§ o 20 cm
helow the surface). The sedlings’ shoot
growth accelerated and longer, greener
needles formed as myeosrrhiza formation
spread over their root systems. Adjacent,
stunted seedlings subsequently began
o form mycorthizas on reots ingerewined
with those of the now-growing neaghbaors.
These adjacent seedlings, in turn, burst
buds and commenced a growth pattern
similar to the earlier released sesdlings.
Expansion of these centers of released
growth progressed slowly ac firse bat
seemed to accelerate with increasing
size of the patch. Once the process had
begun within a row, nearby seedlings in
adjacent rows began the sequence. In
all cases, mycorrhiza formation seemed
to precede bud burst. The overall effect
was to produce dome-topped patches,
with mose advanced seedlings in the
center and as vet unreleased seedlings at
the edge (Figs. 1 and 6.

The source of these naturl mycor-
rhizal infections was mnor  derermined.
Becouse  inittal  imfection  apparently
started at & well-defined point in most
cases, we suspect thar the mycorrhizal
fungil criginared from spores rather than
from buried residual vegerative inooulum
left from initial development of the nur-
sary site. Downward movement of spores
fram  soil surfaces by warer or  soil

vefamie 15, miteder §, 100 ! 187



organisms i5 & well-docurnented phenom-
enon, especially in sandy soils such as
found at Canby (Burges 1958).

Discussion

The radial spread with time of patches
of mycorrhiza formation with the ae-
tendant vigorous growth of seedlings
in beds of otherwise stunted sesdlings,
plus the failure of uninoculated seedlings
to respond to fertilization, indicates that
mycorrhizae played the causal role in
renewnl of growth. The increase of
seedling folizge convent of phosphorus
following mycorrhiza formation  reaf.
firms the well-established importance of
ectomycorchizae for phesphorus nutri-
tioh of host trees, as reviewed by Harley
{1959). Indeed, the purple-bronze foliage
of stunted seedlings and their very low
P content indicated deficiency at the
outses, Failure po increase P level in the
foliage by fertilization alone clearly
showed that P was available only to
mycorrhizal Douglas-fir scedlings, re-
of its concentration in the soil.
Ohar results closely lel those reporeed
for Douglas-fir by MeComb and Griffith
(1946), and for Picea rudens Sarg. by
Mitchell er al. (1937).

Douglas-fir seedlings at Canby clearly
suffered from delay of mycorrhiza forma-
tion early in the first growing season. The
nonmycorrhizal seedlings that survived
through the first season typically set a
bud immediately above the cotyledons;
many of the sorvivors had not even
burst this bud by the end of the second
growing semson. Those that did burse
bud grew a shoot only a few millimeters
long with dwarfed, offcolor needles.
Certain nonmycorrhizal pines, in con-
trast, have been reported to grow as well
as or better than mycorrhizal ones
during the first growing season in fumi.
gated nursery soils (eg., Hacskaylo and
Palmer 1957, Laiho and Mikola 15964).

The results of our experiment ag
Canby are neither novel nor surprising.
However, they illustrape that circum-
stances can combine to serously deplete
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popalations of mycorrhizal fungl in soils
of a newly developed nursery, even
whmthe_numr?mluﬂmim r forested
region gbundantly endowed with en-
demic mycorrhizal fung. At Canby,
these circumstances werer (1) establish-
ment of beds on soils with a prior history
of agricultural wee, (1) land leveling
which removed topsoil from high ground,
and (3} i'unug:lﬂnn of & soil whose tex-
ture was for deep and wniform
penetration of the fumigant. In other
words, & soil that was undoubtedly low
in u:mmgr:nrrhtzal fungl at the outsst
was divested of its upper layer, which
likely contained the most viable spores
and hyphae. Any remaining mycor-
rhizal fungi were effectively decimated by
fumigation, The spodtifsus FECOVETY
of _the stunted 1962 seedlings can be
actributed to the relasively Oetle leveling
done in that part of the marsery coupled
with the previous crop history of a
Corylus oechard., Corvler species have
sctomycorrhizae; many of the associaved
fungl form mycorrhizae with conifers as
well (Tr 19621, Quite likely, some
of these fungi carried over deep in the
soil and formed mycorrhizae on the
Dounglas-fir seedlings as soon as their
rects grew deeply encugh to make con.
Eack,

Several biocides are highly toxic to
mycorrhizal fungi; depending on  how
extensively biccidal application reduces
fungal populations, reassnably unifoem
reinvasion of the seil may require one
of more growing seasons (Palmer and
Hacakaylo 1958, Laiho and Mikecla 1944).
Thiz delay can 'n-l: disastrous for tres
species which require early m_'p'tm'l'hdu
formation for adequate nutrition during
the frst year.

Elimination of mycorrhizal fungi may
also deprive seedling roots of protection
fram pathogens as Zak (1964) has step
gested. Marx (1966) has demonserated
that Phwophthora cinmamomi Rands.
will not infect mycorrhizel portions of
pine seedling root systema. [ a fomigated
nursery soil were reinvaded by a rapidly



growing pathogen, the resulting damage
to root systems left unprotected by
mycorchizal fungi could seriomsly hinder
seedling development and survival,

Clearly, fumigation or other soil treat-
ments thae deplete populations of myecor-
rhizal fungi should be applied snly afeer
careful evaloation of the seedlings” mycor-
rhizal needs and relsted factors of aoil
biology that may be importart. Unless
adequate caution iz observed, the results
of such treatments may be mere vexing
than the problems for which treatment
was originally prescribed.
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