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THE RELATION BETWEEN MYCORRHIZAFE, AND THE GROWTH AND NUTRIENT ABSORY-
' TION OF CONIFEROUS SEEDLINGS IN NURSERY BEDS

By M. L. Mrromens, R, F. Fivy and R. O, BosENDAEL *

INTRODUCTION

I A recent paper Hatch (1936) called the attention of
foresters to various forest nursery and plantation fail-
ures which were eventually traced to the absence of a
Dbiological factor in the soil, believed to be mycorrhizae,
Sixteen cases were eited. In each instance timely in-
oculation with soil containing myeorrhizal fungi saved
from abandonment nurseries and plantations which
secmed doomed to failure, since watering, eultivation and
fertilization of seed heds had proved ineffective in bring-
ing about normal seedling growth.

Noné of the cases cited supplies ineontrovertible proof -

that myeorrhizal fungi were the agents responsible for
recovery of the trees, sinee fthe fungi were not in-
troduced as pure cultures. Butb they provide extengive
cireumstantial evidence which agrees with, and tends to
confirm, the less extensive but more direct experimental
data reported in Hatch’s paper. These data indicate
that pine seedlings, lacking mycorrhizae, are unable to
obtain sufficient mineral nutrients to exist in certain nat-
ural soils. It is signifieant that a few months later

Young (1936}, in Australia, reported preeisely similar’

evidence. ‘

Both Young and Hatch introduced pure cultures of
myeorrhizal fungi into half of duplicate soil samples
contained in pots (ITateh) and in pots and ohservation
boxes (Young). Pine scedlings were grown under identi.
cal conditions in both the inoculated and uninoculated
goils, and various preeautions were taken to prevent con-
tamination by other organisms. All non-mycorrhizal seed-
lings in Young’s experiment showed unmistakable gigns
of starvation and soon perished. The mycorrhizal seed-
lings were healthy and vigorous. Hatch made quantita-
tive chemical analyses of all plants and found that the
mycorrhizal seedlings absorbed, from the same substrate,
75% more potassinm, 86% more nitrogen and 234%
more phosphorous than the non-mycorrhizal plants.
The Jatter contained less than the minimum amounts of
nitrogen and phosphorus necessary for the health and
normal growth of the species (Pinus slrobus L.). These
results, because of the technique used, prove beyond any
reasonsble doubt the beneficial nature of mycorrhizae
under the conditions of the respeetive experiments.

On the basis of these and other experimental data
Hateh (1935)% discarded the pathogenie and organie-
nitrogen theories of ectotrophic mycorrhizae and pro-
posed a new explanation which in many respects ig iden-
tical with the mineral salt hypothesis of Stahl (1900).

1 The writers are indebted to Professor A. B, Hatch, School of
TForestry, University of Tdaho, for many helpful suggestions dur-
ing the course of this study, and for valuable adviee regarding
the pregentation of the data. They algo wish to express their ap-
preciation to Professor ', B. Gast, Harvard Forest, and Dz, K. D.
Dosk, Division of Forest Pathology, Burean of Plant Industry,
Allegheny Forest Hxperiment Station, for their adviee and aid in
the preparation of this report.

2 Pyblished in 1937.

Tateh proposed (1) that ectotrophic myeorrhizae are
more efficiont organs of absorption than non-mychor-
rhizal roots because of enormousty greater surface areas,
(2) that they facilitate the absorption of any and all
nutrient elements ordinarily absorbed by roots, and (3)
that they are invariably produced and are egsential to
tree growth in all but the most fertile of natural soils or
in nutrient-sand cultures and seed beds where a high
level of nuftrient availability is artificially maintained.

Should the explanation proposed by Hatch prove cor-
rect, the importance of mycorrhizae in all nursery and
forestation programs is apparent, For this reason ad-
vantage was taken of a series of nursery experiments to
assemble quantitative data on the myeorrhizal quegtion,

EXPERIMENTAL

The data on myecorrhizae here reported were obtained
from a series of experiments conducted at the Black Roek
Forest in an experimental nursery. These studies were
for the purpose of testing, under field conditions, data on
scedling nutrition obtained from soil-sand and nutrient-
sand (pot) eulture experiments (Mitchell, 1934; Gast,
1937). The following brief deseription of the experi-
mental details will provide the background needed for a
discussion. of the mycorrhizal data thus far obtained.
Other phases of the experiment, which is still in progress,
will be reported in subsequent papers.

SeEp Bzps

The soil used in the seed beds consisted of a mixture
of unwashed sand, thoroughly composted sawdust and a
small amount of clay. 'The natural soil was excavated
to a depth of 4 feet from the site of each seed bed, and a
line of 8-ineh tile was laid along the bottom of each of
the resulting pits. These were connected to a major tile
line which empties into & ravine some distance from the
nursery. A 1-foot layer of gravel served for subsoil, and
as a base for the seed bed frames. These are 3 feet
deep, made of 2-inch plank impregnated with asphalt
paint, and extend about 1 inch above the surface of the
ground when in place. The frames were filled with a
1-foot layer of unwashed sand above the gravel, and
then 2 feet of the sand-sawdust-clay mixture.

The arrangement just deseribed has the following ad-
vantages: (1) there ecan be no interchange of water or
dissolved nutrients between seed beds and the surround-
ing soil; (2) the soil temperature within the beds I
approximately that of the surrounding seil; (3) the pre-
pared substrate has physical properties approximating
those of sandy nursery soils, but it is so infertile chemi-
cally that seedlings grown therein respond readily to fer-
tilizer applications; (4) uniformity of soil in all beds ig
assured by thorough mixing; (5) adequate drainage is
assured; (6) whenever desirable, the contents of the
frames, which are relatively permanent, may be removed
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and some other natural or prepared soil substituted ; and
{7Y aside Irom precautions taken to assure uniformity,
adequate drainage and aeration, and to prevent contami-
nation, physical conditions within what might be termed
the ‘‘surface horizons’’ of these experimental beds ap-
proximate those of the average nursery seed bed. 'The
subsecil of the former (gravel) is of course quite differ-
ent, and perhaps much better (drainage, aeration, ete.),
than average.

SEEDS

White pine (Pinus strobus L) seeds used in this ex-
periment were obtained from a single tree growing on
the Pack Demonstration Forost, Warrensburg, New
York. They were sterilized for 1 minufe in 0.1% so-
lution of bichloride of mereury, rinsed in sterile water,
stratified in moist filter paper contained in sterile flasks,
and stored al a constant temperature of |- 5° C, for 6
weoks before planting. Previous to stratification, the
fresh weight of the average sced in thiz lot was 17.3
milligrams. Individually weighed seeds from this sam-
ple, separated into 1-milligram fresh weight classes, were
planted in certain beds scattered at random throughout
the various fertilizer series.

Red spruce {Pices rubra Link) seeds, colleeted in
northern New Hampshire, were obtained from a com-
mercial seed company. 'They were placed in dry, eold
storage until just previous to planting, At this time
they were immersed in absolute alcohol for 2 minutes
to remove empty seeds and to stimulate germination
(Baldwin, 19323. No spruee seeds were weighed indi-
vidually, The fresh weight of the average sced was
2.5 milligrams,

Three days before seeds were planted all beds were
treated with acetic acid as recommended by Doran
(1932)—34 of a quart of 0.8% acetle acid per square foot
of seed bed—and no damping off was noted. White pine
seeds were planted in 50 beds on April 29, 1935, and 22
beds were sown to red spruce three days later. DBoth
species had germinated and shed seed coats by June 1.
The approximate germination percentage of white pine
and red spruce seeds was 85% and T0% respectively,

CARE OF SEEDLINGS

Tied spruce beds were shaded during the entire initial
growing season. with wooden frames covered with wire
screen ‘which reduced the radiation intensity to about
609% of full light. These sereens were removed at the
beginning of the second season. Although it is necessary
to shade white pine during, and for several weeks fol-
lowing germination, it has been shown (Mitchell, 1936;
Gast, 1937) that, for best resulis, this species should
receive full sunlight for the greater part of the initial
growing season. For this reason all sereens were re-
moved from white pine seed beds on June 25.

Pipe lines extended to all parts of the nursery so that
seedling could be watered whenever necessary during
dry periods. Cello glass screens, previously described
(Mitehell, 1934), were used to shelter seedlings from the
heavier raing. This was done to prevent exeessive leach-
ing of fertilizer applied to the seed beds, which, it was
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believed, had somewhat better drainage than the aver-
age nursery seed bed.

InocuLaTION OF SEED PED

On July 1 all seed beds, except certain controls, were
inoculated with samples of a soil which previous tests
had shown to be rich in mycorrhizal fungi. Fifty grams
of moist, sereened soil were thoroughly worked into the
upper 2 inches of each bed,

FurTriazer APPLICATIONS'

The experiment, which was designed primarily to
study the mineral nutrient requirements of comiferous
geedlings, included 8 fertilizer series, b devoted to white
pine and 8 to red spruce, Ewery series was made up of
7 seed beds, each of which received a different amount of
nitrogen, phosphorus or potassium. Xssential nutrients
other than the one varied were supplied in constant
amounts to all beds in each series. These basic freat-
ments were based upon the results of preliminary ex-
periments. Nitrogen, phogphorons and potassium were
varied in individual series as indicated in Table 1,

Taprm 1
Key to fertilizer series.

Nutrient Specles

Element -

Varied Bource White Pine Red Spruce
Nitrogon Dried Blood | Omne 7-bedseries {.............
Nitrogen NI, NO, One 7-bed series | One 7-bed series
Phosphorua | Roek Phosphate | One 7-bed series | One 7-bod sories
Phosphorus | Bone Meal One 7-bed series |....vvuuun..
Potagsium KC1 One 7-bed sorics | One 7-bed sevies

The fertilizer treatments summarized in Table 1
aceount for 56 of the 72 seed beds planted in this experi-
ment. TFour of the remaining 16 beds were left un-
treated as controls (8 white pine and 1 red spruce).
The other 12 beds were supplied various combinations of
the three nutrient elements varied in the regular fertili-
lizer series. The latter will be referred to as the *‘experi-
mental beds,”’ and should not be confused with the
regular fertilizer series summarized in Table 1,

HArVESTING

Approximately one third of the seedlings in each hed
were pulled at the end of the first growing season (Oect.
1, 1935). Smaller samples were taken on June 10 and
Ang. 20 of the following year. All remaining seedlings
were liffed on Oct, 20, 1936, the end of the second grow-
ing season. ’

After pulling, the seedlings were washed with a small
stream of water {0 remove soil particles. EKach wag ex-
amined under a microscope, and a record of myeorrhizal
and other features of the root system was made, Seed-
lings were then measured, cut into two portions, root and
shoot for ratio determinations, each part placed in a
labeled glassine envelope, dried at 4 70° (!, and weighed
to == 0.1 milligram,

Representative samples from each hed were preserved
for reference, photographs and morphological study.



Chemical analyses of the dried specimens were made ac-
cording to methods previeusly deseribed (Mitchell,
1936).

CreMICAL ANALYSIS OF SOIL

Soil samples taken during the second growing season
from various places in the unfertilized (eontrol) beds
were analyzed for ‘“‘readily aveilable’’ phosphorus and
potassiwm, using the method of Truog {1930} for the
former and Volk and Truog (1934) for the latter.
These samples were also analyzed for ammonia, using
the method cited by Mahin (1932, p. 537).

RESULTS

TNTrIAL, GROWING SEASON

Mycorrhizal Development.——It might be well to make
it clear at this point that in the present paper the two
terms mycorrhizal and infected are used synonymously
to designate short roots which possess the typical mycor-
rhizal structure, the distinetive features of which have
been deseribed by Hateh and Doak (1933); and that, as
g Tule, no attempt will be made to distinguish between
true uninfected short roots (which have root hairs) and
pseudo-mycorrhizal roots (see Hateh and Doak, lec. cif.,
for distinguishing features), these two types, neither
of which is mycorrhizal, being designated as non-
mycorrhigal and (or) uninfected.

Tnspeetion under a microscope of both pine and spruce
seedlings taken from the unfertilized, uninoculated
(control) beds during the first season showed that my-
orrhizae were entirely absent. This was believed due
to the lack of appropriate inoculum (beds uninoculated)
rather than to unfavorable environmental factors, since
seedlings in inoeulated soils, which were otherwise iden-
tical, developed abundant myeorrhizae.

Myecorrhizae were infrequent on scedlings from beds
of the fertilizer series (Table 1), even though these soils
were inoculated early in the summer. Apparently fer-
tilizer applied in the basic treatments, which included
the approximate optimum quantity of all essential ele-
ments other than the one varied, resulted in mineral nu-
trient concentrations sufficiently high to inhibit the
formation of mycorrhizae even in those beds where there
was a severe deficiency of a single element. This is con-
firmed by the fact that mycorrhizaé were frequent and
well developed on seedlings in certain experimental beds
which had similar single nutrient deficiencies, but dif-
fered in that they received less fertilizer in the basic
treatment.

The Relation between Soil Fertility and -Seedling
Growth.—Seedlings in the unfertilized beds grew very
slowly during the first summer, The average dry weight
of white pine seedlings on Oct. 1 wag only about 100
meg., and that of red spruce 20 mg. This was to be ex-
pected, for although other growth faetors were very
nearly optimal, the prepared soil used was, a8 intended,
extremely infertile, But seedling growth in these beds,
however poor, was much more uniform than is usual in
forest nurseries. This indicated uniformity of soil within
each bed. -
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White pine seedlings in the fertilized beds responded
to treatment. Nitrogen and phosphorus applications
provoed particularly effective, Seedlings grown in beds
which received the heaviest nitrogen application weighed
approximately 200 mg., a significant inerease over those
orown in the unfertilized beds. Buf since white pine
seedlings weighing 300 mg. can be grown in the same
length of time if nitrogen is supplied in sufficient amounts
and with proper timing (Mitchell, unpublished data), it
appears that the optimum amount of nitrogen was not
applied to white pine seedlings during the first growing
Season.

Only a few of the red spruce seedlings in the treated
beds survived the fivst fertilizer applications, which were
made, as with white pine, about 8 weeks after germina-
tion was complete. The fertilizer applied (the same
as for pine) apparently resulted in external (soil) nu-
trient concentrations suffciently high to produee toxie
internal (seedling) concentrations (see Mitchell, 1934;
Gast, 1937). 'This tends to prove that small-seeded, slow-
growing coniferous seedlings such as spruce cannot be

fertilized as heavily during the initial growing season as -

the larger, more rapidly growing pine seedlings.

SuooNd GrROWING SEASON

The Occurrvence of Mycorrhizae in the Unfertilized,
Uninoculoted Beds—Evidence of renewed growth was
apparent on white pine seedlings in all beds by April 15
of the seeond season. Seedlings within each of the fer-
tilized bheds were uniform as regards needle color and
development and shoot inerement, but in the unfertilized,
uninoculated beds certain small, scattered groups could
be distinguished from the rest of the seedlings on the
bagis of needle eolor and shoot inerement, During the
next few weeks these rapidly growing groups spread to
include many nearby seedlings, and some new groups
appeared. Seedlings in immediate contact with these
groups would turn from yellow-green to a deep blue-
green, and become noticeably taller than adjacent. seed-
lings within two weeks, This differential growth could
not be explained on the hasis of soil fertility differences,
gince the soil in all beds was as uniform as thorough mix-
ing could make it. Similar rapidly growing groups ap-
peared in the contrel spruce beds at about the same time.

The chief difference was that, in the ease of spruce, the

only seedlings showing any evidence of new growth were
those in small, scattered groups. All white pine seed-
lings were growing, although at two very different rates.

On June 10, about twenty-five days after the differ-
ential growth was first noted, seedlings were pulled from
the center of each of the rapidly growing groups, which
wore eagily distinguished even at a distance from-the
seed beds. At this time, these groups did not amount to
more than 10 per cent of the seedlings in any single seed
bed. Control seedlings were selected at random from
the area outside the rapidly growing groups. Examina-
tion under a mieroscope showed that myecorrhizae were
much more frequent on the roots of seedlings from the
rapidly growing groups, These data, together with those
on dry weights and chemieal analyses, are presented in
Table 2. '
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Sinee no attempl was made to inoculate the unferti-
lized beds during either the first or second growing sea-
son, spores or myeelium of mycorrhizal fungi must have
been carried by the wind or introduced into the beds by
some other natural agency. Hymenomyceles, many
speeies of which are known to be mycorrhizae-formers,
are plentiful in natural forest stands which adjoin the
nurgery on two sides, Regardless of how these beds were
inoculated, the progress of mycelium, radiating out from
the infected groups, was easily followed. Needles of
uninfected seedlings invariably showed the yellow-green
characteristic of nitrogen poverty, and the purple which,
in some species, is known to be an indication of phos-
phorus deficieney (Deuber, 1930 ; Mitehell, 1934; Némee,
1935). Soon after infection, the mneedles of these seed-
lings became dark green—Dblue-green in the case of white
pine—and the growth increased to such an extent that
infected and uninfected seedlings eould be easily dis-
tinguished on this basis. These observations were checked
by pulling numerous seedlings at weckly intervals dur-
ing the entire summer. The weekly samples were in-
spected for myecorrhizal development, but no reeord of
weights was made.

By August 20 the infeeted groups had spread to in-
clude approximately 75 per ecent of the secdlings in each
of the eontrol beds. The final harvest of infected and
uninfected seedlings was made at this time. It would

have been desirable to wait until the end of the growing

season, but because of the rate of infection, it was neces-
sary to sample immediately in order to obtain an ade-
quate number of uninfected seedlings. By the end of
the season practically all of the white pine seedlings
were mycorrhizal, and in the spruce beds mycorrhizal
seedlings were the only ones that survived. All data on
seedlings harvested on August 20 are presented in
Table 2.

Mycorrhizal Development wn the Fertiliced Beds.—
The remaining seedlings in the fertilized beds were har-
vested on Oectober 20. As stated previously, these beds
were inoeunlated the first year. But unlike the first sea-
son, mycorrhizae were frequent and well developed on
seedlings from every bed in which there was known to
be & deficiency of one or more nutrient elemenis. Ad-
sorption, leaching, absorption by seedlings or utilization
by soil fungi apparently reduced the concentration of
readily soluble nutrients, applied the first season in the
basic treatments, to a point favorable to myeorrhizal
development, Myeorrhizae were infrequent, poorly de-
veloped or entirely lacking on seedlings from seed beds
in which there were no nufrient deficiencies.

Seedling Growth in the Feriiliced Beds.—As in the
first season, the growth of seedlings in the fertilized beds
varied with nutrient environment. But it is impossible
to separate the effects of the two factors, nutrition, which
was purposely varied, and myeorrhizal development,
which seemed to be inversely proportional to soil fertil-
ity. It is apparent, therefore, that comparative data on
the dry weight increase of well-fertilized seedlings, which
lacked mycorrhizae, and those grown in nutrient-deficient
environments, which had abundant mpyeorrhizae, prove
little or nothing regarding the influence of myeorrhizae
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on seedling growth, Such eomparisons, used by Addoms
(1937), lead to assertions that mycorrhizae are mnot
highly beneficial, a eonclusion which the writers ques-
tign. For this reason the fertilizer series yield data arc
of little importance to the present discussion, and will
not be presented in detail. ‘

Tee RerArioNs BETWEEN SoIiL FERTILITY AND THE
INODENCE AND DEVELOPMENT 0F MYOORRHIZALR

Observations made during thé second growing season
indieate that when other faetors are favorable, the fre-
queney of incidenee of mycorrhizae, and the degree of
their development on the roots of pine and spruee seed-
lings, vary inversely as the concentration of readily
available nutrients in the soil. Seedlings harvested dur-
ing the second growing season from infected areas of the
poorest soil used—that in the unfertilized (eontrol) beds
—had the best-developed mycorrhizae and the greafest
proportion of myeorrhizal short roots. Those grown in
soils of intermediate fertility possessed fewer and less
well developed mycorrhizae. And myecorrhizae were in-
frequent, poorly developed or entirely lacking on seed-
lings grown in all beds supplied sufficient fertilizer to
preclude any possibility of mutrient deficiency.

These observations regarding the inverse relationship
between soil fertility—the only apparent variable—and
mycorrhizal development are believed to be highly sig-
nificant. They are based upon numerous and consistent
data, and it is exceedingly doubtful if, in this experi-
ment, the differential oceurrence of mycorrhizae can be
explained upon any other basis. Lack of appropriate
inoeulum undoubtedly aceounted for the absence, during
the first year, of mycorrhizae on seedlings grown in the
extremely infertile, but uninoculated (eontrol) beds.
Environmental factors were probably favorable sinee
seedlings grown in inoculated soils, which were other-
wise identical, developed abundant myecorrhizae. The
infrequence, during the first year, of mycorrhizae on
seedlings grown in nufrient-defieient beds of the ferti-
lizer geries is also in keeping with other observations
regarding the occurrence of myeorrhizae. Although
these beds were inoculated, as were all fertilized beds,
there.can be little .doubt that the fertilizer applied in
the basie treatment, which included the approximate
optimum amount of all essential elements other than the
one varied, resulted in mineral salt concentrations guf-
ficiently high to inhibit myeorrhizae formation. That
environmental faciors were otherwise favorable for my-
corrhizal development is evidenced by the fact that
myecorrhizae were formed in abundance on seedlings
arown in eertain experimental beds which differed only

in that they received less fertilizer in the basie treatment.

Tt is also significant that during the second season, when
no basic nutrient solution was supplied (since it was
believed unnecessary), myecorrhizae were frequent and
highly developed on seedlings in every one of these beds
in which there was known to be a deficieney of one or
more nutrient elements.



ComParigoN oF THE Dry Wuenr Incrmase or Mycor- beds (Table 2). It appears that the early spring superi-
REIZAL AND NON-MYCORRHIZAT, SEEDLINGS GROWN IN 1HE  ority of the former in tetal dry weight was due to their
. Samm NUuTRIENT ENVIRONMINT shoot inerement, which was signifieantly greater than

that of non-myeorrhizal seedlings. Both roots and shoots
of myeorrhizal spruce were consgiderably heavier than
those of uninfected seedlings on both sampling dates.
Root, shoot, and total dry weights of infected and unin-
fected seedlings of both species are compared in Fig, 1.
AN white pine data presented in this and other illus-
trations are based on samples talken from seed bed No, 1,
in which, due to refinements in experimental technique,

The experimental evidence presented in Table 2 indi-
cates that on June 10 of the second growing season
mycorrhizal seedlings of spruce and pine, from the
rapidly growing groups in the control beds, were sig-
nifieantly heavier than uninfected seedlings growing in
the same beds. Differences in total dry weight were even
greater on August 20, the second sampling date. As
Std@’d .p_revlously, growth in al'l. of these'umr‘metﬂat.(.ad, 8 higher degree of preecision was attained. Compare
unfertilized beds was very uniform during the entire the standard errors associated with mean weights of
initial season, indicating that soil and other growth fac- seadlings frbm bed No. 1 with those of samples from beds
tors were equal. It is be]‘ieved, t]’lBI'BfOI'B, that the ob- 2 and bg (;J‘able 2)‘ 'Seedlings of the former tend to
se.rved filfferl'ences in growth were the resglt of  Qeviate less from the mean, since all were grown from
differential inoculation by myeorrhizal fungi (see inqividually weighed seed, none of which varied from
Plates I and 11), introduced inte the seed beds by some  {he gverage of the group by more than =05 milligram.
natural agency. Seedg planted in the other two beds varied in weight

On June 10, the mean root weight of myeorrhizal according to the frequency distribution characteristic
seedlings of white pine was approximately the same as  of the species and the sample, in this case an approxi-
that of non-mycorrhizal seedlings growing in the same mate range of from 7.0 to 27.0 mg.
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. Faa, li—Comparisoq of the root, shoot and total dry weight, and the nitrogern, phosphorous and potagsium content, of myeor-
rhizal and non-mycorrhizal seedlings of white pine and red spruce grown in otherwise identicsl substrates. Date from samples
taken at two different times during the second growing scasen (see Table 2).
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Seeds having a mean fresh weight of 20.5 mg. were
sown in bed No. 1, whereas those used in beds 2 and 3
weighed only 17.3 mg. Since it has been shown (Ald-
rich-Blake, 1930; Mitchell, 1934; Gast, 1937 ) that seed
weight influences the weight of the resulting seedling,

this difference explains why seedlings (uninfected as

well as infected) grown in bed No. 1 are heavier than
those from beds 2 and 3. No attempt was made to cor-
rect for this faetor, as it iy apparent that data from
beds 2 and 3, although not exactly eomparable, do cor-
roborate trends indicated by the more numerous and
precise data from bed No. 1, It iz interesting thai the
former, in spite of few observations and relatively large
standard errors, show statistically significant differences
between mycorrhizal and non-mycorrhizal seedlings
{Table 2).

The superiority in the total yield of mycorrhizal over
non-mycorrhizal seedlings of pine and spruce was greater
on August 20 than at the beginning of the summer
(Fig. 1), IE this difference in dry weight increase was
due to myecorrhizae, the only apparent variable, then it
is evident that the beneficial influenee of the assoeiation
between fungus and tree root beecomes more marked as
the growing season advances. In this conmnection it is
interesting to note that, at the end of the season, the
roots as well as the shoots of mycorrhizal pine were
heavier than those of uninfected seedlings. :

A comparison is made in Fig. 2 of the pereentage in-
orease or (ecrease in the weights of myeorrhizal and non-
myeorrhizal seedlings of pine and spruce between June
10 and August 20. These data indieate that non-myeor-
rhizal spruce made no growth whatever during this
period, whereas infected seedlings inereased in total dry
“weight by 250%. Losses in weight by non-mycorrhizal
spruce, as shown, in Fig. 2, were probably due to the
outward movement (leaching) of mineral nutrients that
usually precedes death. As stated previously, no mnin-
fected spruce seedlings survived the entire second grow-
ing season. It was even diffieult to obtain a sufficient
sample on August 20. Non-mycorrhizal pine made some
growth (mostly shoot inerement) during this period, in-
ereasing in total dry weight by 13% as compared to
62% for infected seedlings.

Trr INFLUENGE OF MYCORRHIZAE ON Roor-8xoor RaTio

1t appears that on June 10 the relative balance between
root and shoot weight, as measured by the. ratios pre-
sented in Table 2, was, from the standpoint of good
planting stock, less favorable for myeorrhizal than for
non-myeorrhizal seedlings. It is characteristic of young
coniferous seedlings to apply the majority of their total
assimilate to shoot increment in the early gpring. Maxi-
mum roof growth takes place during the late summer
and early fall. Theréfore, all that the early season dif-
ference in root-shoot ratio indicates is that mycorrhizal
scedlings were growing, and at a faster rate. It will be
observed that later in the season, when the roots had at

least parily completed their annual growth, there was:

less difference between the root-shoot ratios of Infected
and muninfected seedlings. Mycorrhizae, even though
abundant and well developed, are so small and sueculent

that they have but little influence on dry weights or,
therefore, root-shoot ratios. As pointed out above, the
root weights of mycorrhizal and non-myecorrhizal pine
seedlings were almost identical on the first sampling
date.

CoMPARISON OF THE MINERAL NUTRIENT ARSORPITON OF
MY CORRIIZAL, AND NoN-MYCORRHIZAL SEEDLINGS
GrowN IN THE SAme Som

Tt is generally conceded that if mycorrhizae are of ben-
ofit to seedlings growing in eertain environments, it is
becanse of their influence on seedling nutrition, 4.e., the
absorption of mineral nutrients or some other growth
promoting substance. This is logical reasoning sinee it
is well established that, other factors being favorable,
dry weight increase is proportional to the internal
(plant) nutrient concentration, and that, as a rule, nu-
trient intake is proportional to the availability of nutri-
ents in the external (soil) solution (Aldrich-Blake, 1930;
Mitchell, 1934 ; Gast 1937). But these relations do not
hold under sll conditions. As frequently demonstrated,
seedlings can not take advantage of high nutrient sup-
plies in onvironments where light, temperature, soil
moisture or some other growth factor is limiting. Lack
of proper balance between the varions essential elements
may also inhibit growth. Thus, diiference in the mineral
nutrient content of mycorrhizal and non-myecorrhizal
seedlings, .even though real and significant, would not,
ander unfavorable conditions, be reflected in dry weight
increase.

Tn view of this fact it iz difficult to understand why
the majority of investigators, including many of those
who believe that mycorrhizae in some way enable tree
seedlings to obtain more of the essential elements, are
inolined to bage their conclusions regarding the myeor-
rhizal relationship on yield data only. When it is con-
sidered, as peinted out above, that various factors other
than the one being studied may inhibit growth responses,
the danger in drawing conclusions regarding the influ-
ence of mycorrhizae on seedling nutrition, without first
obtaining nutrient absorption as well as yield data, he-
eomes apparent.

The analysis data presented in Fig. 1 (see Table 2}
indicate significant differences in the nitrogen and phos-
phorus eontent of mycorrhizal and non-myeorrhizal seed-
lings of pine and spruce on both sampling dates, the
superiority of infected seedlings being more pronounced
at the end than at the beginning of the season. With
the exception of white pine in early spring, the same is
true of potassium intake. In Tig. 2 myecorrhizal and
non-myeorrhizal seedlings of both species are compared
on the basis of percentage inerease or decrease inN, P
and K content (total milligrams) during the growing
period, It is evident that non-myecorrhizal pine and
spruce, from the infertile control beds, were unable to
make any significant gaing in N, P or K during the
second growing season, whereas infeeted seedlings
growing in the seme substrate made very substantial in-
creases. This difference in mineral nutrient intake un-
doubtedly explaing the observed differences in growth
previously diseussed, That no other factor was limiting



is proven by the fact that well-nourished seedlings grown
under otherwise identical conditions in certain beds of
the fertilizer series made exeellent growth—superior to
that of either mycorrhizal or non-mycorrhizal seedlings
grown in the less favorable nutrient environment of the
unfertilized (control) beds.

Comparigons of mineral nutrient content of seedlings
on & per cent dry maiter basis, an expresgion of internal
{seedling) concentration, are not always reliable in the
early summer. That is why the analysis dafa presented
in Fgs. 1 and 2 are caleulated ag milligramg of N, P and
K per seedling. Internal concentration is a function of
seedling yield and the absolute amount of a given ele-
ment, both of which are changing rapidly during the
early part of the growing season. Compare, for example,
the K econtent of myeorrhizal and non-myecorrhizal pine
sampled on June 10 from bed No, 1 (Table 2). Al
though the former contain a greater absolute amount of
K, they have a lower K concentrafion than the average

non-mycorrhizal secdling, 'This is due, largely, to the
difference in dry weight increage, the ‘‘diluting’’ in-
fluenee of rapid growth being reflected in the lower K
concentration of the infected seedlings. However, nu-
trient concentration is an acceptabie basis of comparison
,at the end of the season, since there iz no shoot growth
and very little mineral absorption afier the seedlings
become dormant.

Analysis data presented in IMgs. 1 and 2 suggest that
nitrogen, and especially phosphorus, were deficient in
the soil used., Potassium poverty was more apparent
in the case of spruce than pine. These observations are
confirmed by the faet that, in beds of the fertilizer
series (identical wmoil), white pine seedlings responded
well to applications of nitrogen and phosphorus, whereas
petassinm additions resulted in but little stimulation in
growth, It is probable that the sawdust used in the goil
mixture supplied a fair amount of potash. '
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A QUANTITATIVE Basts For EVALUATING THE INFLUENCE
oF MYCORRHIZAE ON THE NUTRIENT ABSORPTION
AND GRowTE: OF TREE SEEDLINGS

The data presented in Table 2, and diseussed in the
plecedmg sections, suggest that mycorrhizal seedlings

of pine and spruee are able to obtain more of the es-

gential nutrients than non-myeorrhizal seedlings growing
in the same substrate, 1.e., the unfertilized sand-sawdust-
clay mixture. Under eonditions of the present experi-
ment the superior absorptlonncapamty of the :Eormer,
believed attributable to myeorrhizae, is reflected in their
dry weight increase, which is significantly greater than
that of seedlings laeking mycorrhizae.

But such comparisons, although they are of interest to
plant physiologists and those investigating the mycor-
rhizal relationship, do not, in themselves, supply the
nurseryman with sufficient information. Irom the
standpoint of those concerned with the production of
planting stoek, it is not enough to say that seedlings
equipped with mycorrhizac absorb more nutrients, grow
larger or that their growth is ‘“normal’” in comparison
with that of uninfected plants. ‘‘Normal growth’’ is
too indefinite as a standard of comparison. Unf()rtu-
nately many investigators consider as normal, growth
which is fax below that of which certain gpecies are eap-
able even under ‘“‘average’’ conditions.

It would be desirable, therefore, to evaluate results
obtained with experimental seedlings of a given species,
infeeted and uninfeeted, in terms of the nutrient con-
tent and yield which may be expected of the species
when grown for a certain length of time in a given
climate under experimentally determined optimum eon-
ditions, Such comparisons require cortain silvical in-
formation, much of which is available for some species
of Pinus.

Aldrich-Blake (1930), Mitehell (1934} and Gast
{1937) have presented data regarding the mineral nu-
trient and light requirements of Corsican, Seots and
white pine seedlings. 'These studies show that nutrient
intake and seedling vield are proportional to mineral
nutrient availability, when light and other growth fac-
tors are favorable, and establish the yields and mineral
mwutrient contents which can be expected under approxi-
mately optimum conditions. But data from these ex-
periments, although valuable in many respects, are not
exactly comparable to those of the present study because
the former are bhased on results obtained with the
nutrient-sand (pot) culture technique, For this reason
they do not eonstitute ag reliable a standard of compari-
son a8 do data on seedlings from the various fertilizer
series of the present nursery experiment—a study de-
signed to test nnder mursery condition the eonclusions
based on data from seedlings grown in the earefully eon-
trolled but more artificial pot eultures.

In Table 3 the weights and nutrient eontent of mycor-

" rhizal and non-mycorrhizal seedlings from the unfer-
tilized (control) beds are compared with those of
geedlings grown for the same length of time in unfertil-
.ized sand, in the sand-sawdust-clay beds receiving the
heaviest application of N, P and K, and with the nutrient

‘optimum fertilizer ratio,

concentration of seedlings grown for one year in nutrient-
gsand eultures supplied the experimentally determined
Ag they are of some interest,
data on the nutrient content of the leaves and needles of
variously fertilized mature trees are also ineluded in
Table 3.

All white pine seedlings compared in this table were
grown in substrates of good physieal structure, assuring
adequate drainage and aeration. All received full sun-
Kght during the entire second, and for the greater part
of the initial growing seagon. Water was supplied when
needed and in sufficient amounts, and soil reaction in
cach instanee was within the range of from pH 5.5 to
8.5. Mineral nufrition was the only factor purposely
varied.

Seedlings grown for two seasons in unfertilized sand
(in nursery seed beds) contained mineral elements orig-
inally present in the seeds, and small additional amounts
apparently supplied by sand or water. Growth was
necessarily poor, These seedlings are a product of abount -
the poorest mutrient ¢nvironment in whieh the species
can survive for this length of time. Many sucecumbed
during the first winter and the second growing season.
Non-mycorrhizal seedlings from unfertilized beds con-
taining the sand-sawdust-clay mixture made somewhat
better growth, probably beeause they obtained more mi-
trogen from this substrate (Table 3). As previously
discussed, seedlings equipped with mycorrhizae were able
to extract more N, PP and K from this same substrate.
Their growth was also significantly better (Table 2).
But, ag shown in Table 38, these unfertilized seedlings, al-
though equipped with mycorrhlzae did not absorb the
guantity of mineral elements, nor did they grow as large,
a8 the well-nourished but non-myeorrhizal seedlings
grown nnder otherwise identical conditions in beds which
received the heaviest N, P and K applications used in
the fertilizer series. The latter, although larger than
the 2-0 stock produced in the majority of nurseries, are
not assumed to represent the very best which ean be
expeeted of white pine in thig length of time. They are
offered as a standard of ecomparison because they are
the best thus far produced in this nursery in two grow-
ing seasons. It is known, however, that these seedlings
did not receive as much nitrogen, especially during the
initial growing season, ag they are capable of utilizing.

Data on seedlings from sand cultures watered with
nutrient solutions of approximately the optimum fer-
tilizer ratio for this species afford another, althongh
probably less reliable measure of accomplishment. The
vields are not comparable since the sand culture seed-
lings were grown for only one season. But the analysis
data provide an index to the mineral nufrient concen-
trations of seedlings grown in substrates of high nutrient
aveailability., Tt will be observed (Table 38) that these
seedlings had a much higher mineral nutrient concen-
tration than any of the nursery-grown seedlings. But in
the latter environment it is probably neither possible
nor desirable to attain as high a level of mineral nu-
trient availability, and therefore rate of absorption, as
in the more artificial eulture solutions, Whereas various
ions are free in solution in nutrient eultures, in natural
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Prare I.—Comparison of mycorrhizal (right) and non-myecrrhizal (left) scedlings of
white pine and red spruce on two sampling dates.




Prarm IT-A—Myeorrhizal short roots on mother roots of white pine seedling from infeeted
region of unfertilized hed; X8.

Prars II-B.—Non-mycorrhizal short roots (that is, pseudomyeorrhizae, ss defined by Melin,
1917 zand 1927) on mother roots of white pine seedling from region of unfertilized bed in which
typical mycorrhizac were lacking; X10. The other nomn-myecorrhizal reot type—itrus uninfeeted
ghort roots, which poesess root hairs—was infrequent in the unfertilized beds, and is not shown,
(See Hateh and Doak, 1933, for distinguishing features of the various short roct types).
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soils, even those of high fertility, a large portion of the
mineral elements are adsorbed in organic and inorganic
bate cxchange compounds from which they are liberated
slowly,

Analyses of the foliage of variously fertilized mature
trees, shown in Table 3, are of interest in that they show
the nutrient concentration of leaves from rapidly grow-
ing mafure trees to be very similar to that of well-
nourished white pine seedlings. The former data are
based on averages of trees grown on guarter-acre plots
which received different fertilizer treatments in various
series similar to those of the nursery experiment. Other
factors being favorable, the growth of mature trees, as
with seedlings, is proportional fo the nutrient content of
the foliage, which is in turn regulated by the availability
of nutrients in the soil solution (Mitchell, 1935, 1936 and
unpublished data; Chapman, 1935; Chandler, 1936).
Differences in annual diameter inerement amounting to

-as muck as 100% have been observed between mature

oaks whose leaves, due to differences in soil nitrogen
supply, varied in N eontent between 1.66% and 2.70%.
Unfortunately, few data are now available regarding the
influence of high mineral nutrient supplies on the inei-
dence and development of mycorrhizae on the roots of
mature trees growing in natural habitats.

Romn ANALYSIS DaTa

In order to test the hypothesis rccently advanced by
Burges (1936), various chemieal analyses were made
of soil samples taken from infected and uninfected
areas—those yielding, respectively, mycorrhizal and
non-myecorrhizal seedlings—of the otherwise uniform
goil of the unferiilized (control) beds. Siated briefly
and in general terms, Burges believes that if mycorrhizae
are of any benefit to higher plants it is because of the
aetivity of the mycelium in the substrate. In his opinion
the presence of the fungus in a myeorrhizal association
is an example of controlled parasitic attack. This
theory is directly opposed to that of Hatch (1937}, who
believes that the myecorrhizal association is an example
of symbiosis, and regards the intimate relationship be-
tween root and fungus as the basis of the observed
mutual benefit. ‘ '

In order to appreciate fully the significance of the soil
analysis data presented in Table 4, it is necessary to con-
sider first the magnitude of variance in mineral nutrient
supply which is needed to produee, in seedlings, differ-
ences in nutrient content as large as those observed be-
tween mycorrhizal and non-myecorrhizal seedlings grown
in the same substrate. According to the data of Hateh
(1936), mycorrhizal and mnon-myeorrhizal seedlings
differed in nitrogen, phosphorus and potassium content

by approximately 2.3 mg., 0.6 mg. and 1.6 mg. respee-

tively. Data from the present study (Table 2) indicate
differences of approximately 8.2 mg. N, 0.6 mg. I and
1.8 mg. K. A measure of the influence of myeorrhizae
upon the nutrition of the species (P. sirobus) can be ob-
tained by comparing these differences with the nutrient
absorption data from carefully eontrolled experiments
in which nutrient environment was the only variable.
Mitchell (1934) and Gast (1937) have shown that, in
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the “‘working range,’’ mitrogen supplies differing by as
mueh as 75 ppm. (N coneentration of external solution)
are necessary to produce a 3-milligram difference in the
N content of resulting seedlings. Tt has also been found
(Mitehell, unpublished data) that P supplies must differ
by 125 ppm., and K supplies by 90 ppm., if the resulting
scedlings are to differ by 0.6 mg. P and 1.5 mg. K. These
nutrient absorption data were obtained from l-year-old
white pine seedlings. Results of the present nursery ex-
periment indicate that similar differences in nutrient
supply are necessary to produce the same order of varia-
tion in the nutrient content of secdlings during the
second growing season, '

Aceording to the Burges hypothesis, any benefits at-
tributable to mycorrhizae are due largely to the activity
in the soil of the fungus which, in common with various
other (non-symbiotie) soil fungi (Waksman, 1932),
may influence the mineralization of complex soil ecom-
pounds, thereby liberating in the soil solution nitrogen
and minerals in inorganic and readily soluble forms
which higher plants can absorb directly through their
roots. But if differences of the magnitude observed in
the present experiment (Table 2)—and that of Hatch
(1936)—were chiefly the result of the activity, in lo-
calized areas, of myeorrhizal or other fungi in the non-
symbiotic réle which the Burges hypothesis suggests,
then it ig evident from the nutrient absorption data dis-
cussed above that there must have been highly significant
differences in the available nutrient supply of infected
and tminfected regions of the seed beds. The soil analysis
data presented in Table 4 do not reveal any such dif-
ferences. ‘

The results reported in the first line of Table 4 are
for soil samples taken from the immediate vicinity of
mycorrhizal -white pine seedlings when the latter were

Taere 4

Ammonia and readily available phosphorus and potas-
sium eontent of soil samples taken from around the roots

of mycorrhizal and non-mycorrhizal white pine seedlings’

growing in the same seed bed.

Results Dxpressed as Milligrams NH, P
- land K per Kilogram of Soil (aly dry basis)

‘‘Readily ¢ Readily
Available’’ | Available”’
Phosphorus 2| Potassium 8

Boil Ammonia 1

Seil surrounding
roots of myeor- 0.79 26,4

126.4
rhizal seedlings :

Soil surrounding
roots of non-my- 0.75 97 4
corrhizal seed- ' '
lings

1333

1 By distillation with carbonate-free magnestum oxide (Mahin,
1932, p. 537).

2 Determinod according to the 0.002 N sulfurie acid extraetion
method of Truog, 1930 (200 parts of extractant to 1 part soil).

8 Determined sceording to the ¥ ammonium acetaie extraction
met;md of Volk and Truog, 1934 (15 parts of extractant -to 1 part
aoil). :




lifted on August 20 of the second growing season, Soil
from infected spots in seed bed No. 1 wag rich in mycor-
rhizal fungi. The data presented in the second line of
Table 4 are based on soil samples taken from around. the
roots of uninfected seedlings growing in the same seed
bed-—identical soil. The latter samples were ingpected
“under a microscope and fungal hyphae were found to be
almost entirely lacking.

Omne eriticism of this method of approach iz that eon-
tinuous removal by seedlings growing in infected arcas
would tend to prevent any measurable accumulation of
nutrients, even though mineral elements were liberated
in the soil solution by the aetivity of the fungi, DBecanse
of this possibility, tests were also made of soil samples
from infected and uninfected areas in which, due fo re-
moval the previous vear, no seedlings were growing at
the time. The results of these analyses were essentially
the same ag thoge reported in Table 4.

It is apparent that these soil analyses do mot reveal
sufficient differences in the ammonia and *‘readily avail-
able’’ P and K content of infected and uninfeeted soils
to aceount for the observed differences in the growth and
nutrient content of mycorrbizal and non-myeorrhizal
seedlings harvested from the respective locations in the
otherwise uniform soil of the unfertilized (eontrol) beds.
There is nothing in these results which eould be inter-
preted as confirming in any way the hypothesis advaneced
by Burges.

DISCUSBION

EvineNc: Sveropring TEHE SvanniaN-Harem TwHEORY
OF THE RELATION BETWLEN S0IL IPERTILITY AND
1R INCIDENOE AND DEVELOPMENT
orF MYCORRHIZAR

It was recently pointed out by Hateh (1937) that
much of the confusion of the last 50 years regarding
the funetion of myeorrhizae had its origin in eonflieting
statements about the prevalence of mycorrhizae. The ma-
jority of investigators apparently assumed that if mycor-
rhizae were infrequent styuetures they could have but
little influence upon plant growth; and, conversely, if
they were abundant, they mlght he exceedlngly bene-
ficial to the host. This reasoning led students to one or
the other conelusion regarding the funetion of myeor-
rhizae, depending upon whether their observations in-
dicated that myeorrhizae were abundant or infrequent.

The earliest conflict of this type was between I'rank
(1885) and Robert Hartig (1886), The former, who
examined the roots of trees growing in natural forest
habitats, found that practically all the short roots were
mycorrhizal. Hartig, who confined his studies fo trees
growing in garden soils, reported that mo roots were
mycorrhizal. He concluded that Frank’s theory of nu-
trition by means of mycorrhizae had no basis in faet, and
that mycorrhizae, like leaf spot infections, vary aceord-
ing to season and soil and are rarely of any great
gignificance.

In 19500 Stahl proposed a theory Whlch explained
these conflicting observations on the basis of soil fer-
tility differences. It was his experience, and also that of
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Schlieht (1889), that the frequency of incidenee of
myecorrhizae varied inversely as the fertility of the soil.
This would account for the absence of myeorrhizae, as
reported by Flartig (1886), in garden soils which, as a
rule, are more fertile than forest seils. Stahl believed
that myeorrhizae facilitate the absorption of mineral nu-

" trients; also that they appear and are of significance only

in nutrient-deficient environments. The first direet ex-
perimental proof of the correctnoss of Stahl’s theory
regarding the myecorrhizal relationship in trees was ob-
tained by Hateh (1932, 1937) during the years 1930-35
in a series of codperative experiments with Gast (1937)
and with Mitchell (1934). These studies included soils
which ranged from the extremely infertile raw humus
goils of spruee stands in northern Sweden fo the com-
paratively fertile soils of the mixed-hardwood stands of
the eove type in the Black Roek Forest. The nutrient
availability range of these soils was varied further by
fertilizer applications so arrenged that many eombina-
tions of availabilities of individual nutrient eloments
were obtained. Data from these studies indicate that the
abundance of myeorrhizae in pine varies inversely as soil
fortility and as the availability of at least four indi-
vidual nutrient elements: nitrogen, phosphorus, po-
tassium and ealeium, In his summary, Hateh (1937)
makes the following statement: ‘‘exeepl as saturation,
excessive dryness, or unfavorable acidities of soils affeet
the ability of mycorrhizal fungi to survive, the distribu-
tion of ectotrophic mycorrhizae in nature is determined
by the availabilities of nufrient elements.”” Tn his
opinion the suseeptibility to infeetion by myecorrhizal
fungi is econtrolled, either directly or indireetly, by the
internal (root) concentration of nutrient elements,
which in turn is regulated by the availability of nu-
trients in the external {soil} solution.

Observations made during the present experiment con-
firm conclugions drawn from the earlier studies. They
show, further, that the inverse relationship between soil
fertility—that is, the supply of dissolved nuftrients, d.e.,
free ions—and the incidence of mycorrhizae in pine and
spruce holds under nursery conditions as well as in soil,
gand-goil and nuirient-soil (pot) cwltures, Although
appropriate fungi were present, and environmental fae-
tors were known to be otherwise favorable for their de-
velopment, myeorrhizae were few or entirely lacking on
the roots of seedlings grown in every bed supplied suf-
ficient fertilizer to preclude any possibility of nutrient
deficieney. Mycorrhizae were more frequent on seed-
lings grown in secils of intermediate fertility, The best-
developed mycorrhizae were those formed in abundance
on seedlings in each eontrol and fertilizer sories bed in
in whieh there was known to be a severe deficiency of
one or more nutrient elements. No results ineonsistent
with these obaervations appeared during the examination

“of seedlings from the 72 seed beds planted in the present

experiment. These data would seem to supply the final
proof in eonifers of the inverse relationship between the
availability of mineral salts and mycorrhizal develop-
ment which was the basis of Stahl’s hypothesis.

Lack of earlier experimental proof of the correctness
of Stahl’s theory can undoubtedly be attributed to the




fact that investigators have eonfined their studies of the
myeorrhizal relationship almost entively to natural foroest
soils of the temperate humid regions. It is well known
that the majority of forest soils, particularly those sup-
porting coniferous stands, are of poor or average fer-
tility, the better soils being used, where possible, for
agriculture, The reasons for emphagis on forest soils
are both apparent and, from the more practical stand-
point, justified., But it is true, although not so apparent,
that in many regions it is diffieult to find, among natural
forest soils, a range in mineral nutrient availability suf-
ficiently wide to thoroughly test Stahl’s theory of dis-
tribution. Only the most fertile of agricultural and
forest soils have high enough coneentrations of rcadily
available mineral nutrients to inhibit mycorrhizal de-
velopment when the inoenlum is present and other fae-
tors are favorable. The better cove soils of the Black
Rock Forest, which support a near-climax type and are

representative of the best forest soils in this region, ap-

proach, but have not yet attained, a level of nutrient
availability sufficiently high to preclude mycorrhiza-
formation (Mitchell, 1934 ; Hateh, 1937).

Bvmince SUPPORTING THE THREORY TIIAT MYCORRIIZAR
ARE BENEFIOGIAL 10 TrREES GrROWING IN ALL
Bur Tms Most I'ERTILE S0ILs

For two decades eircumstantial evidence has been ac-
cumulating which points clearly to the mycorrhizal re-
lationship as beneficial to tree seedlings growing in many
soils, and indispensable to the life of those in very un-
favorable nutrient environments (Hatch, 1936, 1937).
Unthrifty, non-mycorrhizal seedlings of entire nurseries
in unforested regions have recovered only after inoceu-
lation with myeorrhizal fungi contained in small quanti-
ties of goil (Kessell, 1927; Anonymous, 1931; Oliveros,
1932). Non-mycorrhizal transplants in plantations, ap-
parently unsuccessful, recovered after interplanting
with mycorrhizal stoeck (Roeloffs, 1930). Coniferons
geedlings germinating in newly-drained peat bogs were
found to survive only when infected by myeorrhizal
fungi, presumably introduced as spores blown in from
surrounding woodlands (Melin, 1917),

These cases supply extensive circumstantial evidence
of the beneficial nature of mycorrhizae. But conelusive
proof that mycorrhizae were the agents responsible for
recovery of the frees is lacking in each instance, sinece
the fungi were not infroduced as pure eultures, In 1934
and 1936 Rayner reported experiments in which pure
cultures of mycorrhizal fungi and (or) small amounts of
humus containing speecifie mycorrhiza-formers were in-
troduced into soils (also treated with various organic
composts) in which, previous to treatment, conditions
were such that normal mycorrhizae were infrequent (al-
though inoculum was usually present) amd seedling
growth was poor. This treatment relieved the appar-
ently ‘‘inimiecal soil eondition’’ and resulted in a marked
stimulus to seedling growth and, subsequently, to
mycorrhiza-formation with which seedling growth and
vigor seemed highly correlated. But the preecise signifi-
cance of these experiments is uncertain so far as the
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eorrelation between myeorrhiza-formation and seedling
growth is concerned sinee, as Rayner remarks, ‘‘the im-
provement may be magked by the relatively enormous
effects produced by gompost treatments.’’

The ghelterbelt plantings in the prairie states of Amer-
ica led Tlatch (1936, 1937) to investigate the occurrence
and possible importance of mycorrhizae in prairie soils.
He grew a total of 114 Pinus strobus seedlings, from in-
dividually weighed seed, in six pots of soil eollected near
Cheyenne, Wyoming, and found that mycorrhizal fungi
were lacking in the soil and that seedling growth was
negligible. Half the pots were then inoculated with pure
cultures of mycorrhizal fungi, Within two months a
remarkable increase in the growth of the inpculated seed-
lings was observed., Chemical analyses revealed that the
myeorrhizal plants possessed 75% more potassinm, 86%
more nitrogen and 234% more phosphorus than unin-
fected seedlings grown in the same seil, F'rom the com-
parisons which Hatch made with data from experiments
of the senior author (Mitehell, 1934 and unpublished
data), it appeared that the non-myecorrhizal seedlings
had lower coneentrations of N and P than any hitherto
recorded for the species, and contained ahsolute amonnts
of these elements legs than the minimum neeessary for
health and normal growth. Subsequently Young (1936)
in Australia reported similar experimental evidence. He
grew pine seedlings in parallel series of a natural soil
contained in pots and observation boxes. Soils of one
series were inoculated with pure cultures of mycorrhizal
Tungi. Seedlings grown therein developed abundant
mycorrhizae and were healthy and vigorous. Those in
the uninoculated soil showed little growth, their needles
developed the purple color which is a certain indicator
of phosphorus deficiency (Mitchell, 1934), and none
survived,

On tke basis of these data, and in the absence of direct
experimental proof to the contrary, Hatch (1987) pro-
posed that mycorrhizae are beneficial to seedlings grow-
ing in all but the most fertile or artificially maintained
soils, that they are essential for the survival of trees in
very infertile soils, and that their funection is to increase
the absorption of mineral salts as well as organic nitro-
gen, and carbohydrates.

The data obtained from the present study confirm this
theory. In seed beds where mycorrhizal environment was
the -only apparent variable, infected seedlings of both
pine and spruce were found to absorb significantly
greater amounts of nitrogen, phosphorus and potassium,
and to grow significantly larger, than non-mycorrhizal
seedlings of these species grown for the same length of
time in the same coil. Non-mycorrhizal seedlings of pine
were able to exist—but mnot grow—in this infertile
nursery soil, but no uninfected spruce survived the en-
tire gsecond growing season. The obviously superior ab-
sorption-capacity or ‘‘feeding power’’ of the infeeted
seedlings, which was reflected in their dry weight in-
crease, ig believed attributable to myecorrhizae. Because
of the preeautions observed in the pregent experiment,
it is exceedingly doubiful if the observed differences can
be explained upon any other basis. That no other en-
vironmental factors were limiting is evidenced by the



fact that well-nourished seedlings in eertain of the fer-
tilized beds, where conditions were otherwise identieal,
attained a size greater than that of either infected or un-
infected seedlings produced in the less fertile emviron-
ment of the unfertilized (control) beds.

The data presented are based upon carefully selected
gamples of the numerous seedlings grown in the various
nutrient environments of the present nursery experi-
ment, Pure cultures of mycorrhizal fungi were not in-
troduced artificially as in the experiments of Rayner
{1934), Hatch (1936) and Young (1936), but in eom-
mon with those of Melin (1917) were introdueced by
natural agencies. The results are no less significant sinec
there is now ineontrovertible proof that mycorrhizal
fungi are the agents responsible for the recovery of trees
growing in eertain natural soils lacking in these organ-
isms (Hateh, 1936, 1937; Young, 1936).

EviEnceE REcARDING THE Burais HyPoTHESIS

The theory recently advanced by Burges (1936) can
“be interpreted as attributing to myeorrhizal fungi a réle
similar to, and of no greater significance than that
usually aseribed to non-symbiotic soil fungi and bacteria.
Burges believes that higher plants growing in certain
environments frequently benefit by absorbing, directly
through their roots, the nutrients made soluble ag a re-
sult of the action of soil organisms—which ‘‘bear no
necesgary connection with myeorrhizal fungi’’—in de-
composing eomplex organic matter in the soil. Myeor-
rhizal fungi may in this manner stimulate the growth of
higher plants. But Burges regards the presence of the
fungus in a mycorrhizael assoeiation as an example of
controlled parasitic attack and of no mutualistic signifi-
cance. So far as tree species are concerned, Burges pre-

sents no direct experimental proof to support his theory.

Although Rayner (1934 and 1936) is apparently con-
vinced that there is a ‘‘direct causal relation between
mycorrhiza-development and thrifty growth in seedlings
of various species of Pinus,”’ certain of her observations
tend to support, in part, the hypothesis of Burges. In
certain experiments she noted a marked improvement in
the growth of pine seedlings following inoculation with
specific mycorrhiza-formers, previous to the symbiotic
association between fungus and tree root, From this she
concluded that, ‘‘ The iniftal stimulus eannot therefore be
due to improved nutrition depending upon mycorrhizal
action in the ordinary senss.”” Rayner’s explanation is
that the initial stimulus is due to the formation of defi-
nite growth-promoting substances (auximones) and {(or)
nutrients liberated by the aectivity of the mycorrhiza-
formers in a favorable substrate., This tends to support
the theory of Burges. But in all other respects Rayner’s
views differ from those of Burges. In Rayuer’s opinion
the tnitdal stimulis is directly responsible for mycorrhiza-
formation, ‘‘which automatically follows,’’ and the lat-
ter-—not necessarily less important—‘is the end term
of a series of biologieal activities in the rooting
medium. ... ."”’

Hateh (1937), whose views are directly opposite to
those of Burges, regards the intimate ‘‘connective’’ re-
lationship between fungus and root as the basis of the
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observed benefit. Aeccording to his expianation, ‘‘The
mycotrophic relationship in pine, and presumably in
other species possessing ectotrophic mycorrhizae, is a
symbiotic mechanism which increases, chiefiy by physical
and therefore by relatively non-selective means, the ab-
sorption of soil nutrients.”’

Hatch’s interpretation, which emphasizes fhe impor-
tance of the myecorrhizal structure, is strengthened by the
fact that ehemical tests, inctuding those reported in
Table 4 of the present paper, fail to disclose differences
in the ‘‘available” nutrient content of infeefed and un-
infected soils suficient to acecount for the observed seed-
ling responges. But these results, although they favor
the explanation of Iatch, do not in themselves prove the
Burges hypothesis invalid. The apparent lack of differ-
ence in the “‘readily available’”’ P and K content of in-
feeted and uninfected areas of the otherwise uniform
soil of the eontrol beds may or may not be sgignifieant.
Tt is not at all certain, for example, that the two chemical
solvents which were used to extract from the soil the P
and K ineluded in the determinations reported in Table
4, imitate exactly the nutrient extractive and absorptive
powers of coniferous seedlings. Thus there may have
been loeal inereases in ithe coneentratien of nutrients
actnally available to the seedlings—exchangeable lons
liherated by the aetivity of mycorrhizal fungi in in-
fected areas—which these analysis. methods failed to
reveal, :

Although it is apparent that the phosphorus and po-
tassinm analysis ddata presented in Table 4 do not eonfirm
the Burges hypothesis, it is doubtfnl if the validity of
this hypothesis can be seriously questioned solely on the
basis of these observations. But more importance is at-
tached to the fact that there were no signifieant differ-
ences in the ammonia content of infected and uninfected
goils. Ammeonia, which is known to be available to conif-
erous seedlings, is one of the first decomposition prod-
ucts formed by the action of fungi in the decomposition
of eomplex nitrogenous compounds (Waksman, 1932).
If the Burges hypothesis is accepted as valid, the ob-
served superiority of seedlings grown in infected soils of
the present experiment can be attributed o benefits ac-
eruing from the activily of the fungi in these soils. But
if, due to the activity of the fungi, ammonia and other
available nifrogen compounds were liberated in the in-
fected soils in sufficient quantities to account for the
obgerved differences in seedling growth and nitrogen
content, it is difficult to understand why differences in
ammonia were not detected by the technigue used. The
analysis method followed, sinee it requires no chemical
solvents which attack complex nitrogenous compounds,
is such that only free and readily soluble ammonia is in-
cluded in the determination., Therefore the crificism
which detracts from the significance of the I and K re-
sults reported in Table 4, is not equally applicable in the
case of ammonia.

On the basis of results obtained in the present experi-
ment, particularly the data on ammonia, and in view
of experimental evidence presented by Hateh (1937),
the writers are inclined to favor Hateh’s explanation of
myeotrophy in conifers.




SUMMARY

White pine (Pinus strobus L.) and red spruee (Picea
rubre Link) seedlings were grown for two seasons in a
very infertile sand-sawdust-clay mixture contained in
specially eonstructed seed bed frames. Rifty sced beds
were devoted to pine, and twenty-two to spruce. The
same substrate was used throughout. Certain seed beds
were unfertilized. In others nitrogen, phosphorus and
potassium were varied in individual series and in several
combinationg, All fertilized beds were inoculated dur-
ing the initial growing seagon with small amounts of soil
containing mycorrhizal fungi. During the second season
the unfertilized, uninoculated {(eontrol) beds were dif-

ferentially infected (in spots} by mycorrhizal fungi,

presamably introduced by some natural ageney. Sample
seedlings taken from different regionsg of each bed at
various times during the first .and seeond growing
seasons were imgpected for mycorrhizal development,
weighed individually and analyzed for N, P and K.
Ingpection of seedlings from beds in which nutrient
environment was the only variable showed the following
relationships: (1) mycorrhizae were few or entirely lack-
ing on seedlings grown in all beds supplied sufficient
fertilizer to preclude any possibility of mineral nutrient
deficienay; (2) they were more frequent on seedlings in
beds of intermediate fertility ; and (3) the best-developed
mycorrhizae were those formed in abundance on seed-
lings in every soil known to be defleient in one or more
nutrient elements, These observations indicate thaf
when appropriate fungi are present and other environ-
mental factors are favorable, the frequency of incidenece
of ectotrophic myecorrhizae, and the degree of their de-
velopment on the roots of pine and spruce seedlings, vary
inversely as the concentration of readily available nu-

Chernical analyses of samples from infected and un-
infected areas of the otherwise uniform soil of the un-
fertilized beds did not reveal sufficient differences in
ammonia and ‘‘ readily available’’ P and K to aceount for
the observed seedling responses solely on the basis of the
aetivity, in the goil, of myecorrhizal or other fungi in the
non-symbiotic réle atiributed to them by Burges (1936).
For this and other reasons the writers favor Hatch's
(1987) explanation of myeotrophy in conifers.

These observations indicate that the benefits atiribut-
able to mycorrhizae, like their digtribution in nature,
vary inversely as the coneeniration of readily available
mineral nutrients in the goil. It appears that when ap-
proprite inoenlum is present and other environmental

- factors are favorable, ectotrophic mycorrhizae occur on

and are of benefit to coniferous seedlings growing in a
wide range of nutrient environment—all but the most
fertile or artificially maintained soils—and that seed-
lings, lacking myecorrhizae, are nmable to exist in very
infertile substrates.
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