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I. INTRODUCTION

Mosrt biologists are accustomed to think of the absorbing
roots of trees in terms of those of agricultural plants
raised in sand culture. We picture vigorous root tips,
protected as they push through the soil by special caps
and covered for a short distance back of these by dense
outgrowths of root hairs. It is well known that these
hairs serve to increase the absorbing surfaces of primary
root-ends. They are regarded, almost universally, as the
normal and essential organs of absorption in practically
all land plants which possess true roots.

(lassical though this picture may be, it does not repre-
sent, even remotely, the actual conditions in the great ma-
jority of trees nor in many other plants. In the forest,
roots are invariably invaded by soil fungi, and in some
trees these roots are not only modified so fundamentally
that they lack root hairs entirely but they also possess no
direct contact with the soil from which their nutrients are
obtained. Soon after the epidermal cells of these roots
are first differentiated they become deeply imbedded in a
compact fungal tissue which surrounds them until their
death months later (Plates I, A and B; IV, A and B).
The comparatively simple processes of absorption by root
hairs must here be replaced by a complicated system of
nutrient exchange between two widely different members
of the plant kingdom. To reach the conduction tissues,
soil water and nutrients must be absorbed by fungal
hyphae, and then must pass through a parenchyma-like
fungal mantle and finally through or around several lay-
ers of cortical cells which are separated from one an-
other by a continuous net-work of intercellular mycelium.

Such a compound structure is regarded neither as root

1



Prate I. APPEARANCE AND STRUCTURE OF AN ECTOTROPHIC
MYJORRHIZA.

A. One short-reot of Pinus Sfrebus growing from a root-hair ecovered long-

root showing early stages of dichotomized branching, external view of the

fungal mantle, and fungal rhizomorphs extending from the mantle (x 30).

B. Longi-section through s myeorrhiza showing parenchyma-like fungal

mantle, dark colored crushed epidermal celis, normal cortical cells of root

separated from one another by a fungal manfle one to two hyphae thick.
Note the nucleus In one of the cortical cells {x 889).

B Furnished by Dr. E. D. Dogk.
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nor as fungus (Frank, 1885a), but rather as an association
of two different components producing a distinet morpho-
logical organ—an organ which is analogous in structure
to the thallus of lichens. It is termed a mycorrhiza, a
compound Greek term meaning fungus root. In 1900
Stahl designated the processes of plant nutrition by
means of mycorrhizae as mycotrophy, or fungus nutri-
tion.

Such dual organs are of two types; namely, (1) ecto-
trophic, those in which the fungal elements are arranged
intercellularly and also as a mantle over the root surface
and (2) endotrophic, those in which the mycelium is char-
acteristically intracellular and appears on the surface of
the root as individual hyphae only, at the points where
they entered the roots from the soil. Organs of the ecto-
trophic type are found in all members of the Abietineae,
Fagaceae, Betulaceae and Salicaceae, in several indi-
vidual woody genera, and in a few herbs. They are the
type dealt with in this study. In the plant kingdom as a
whole, endotrophic mycorrhizae are much more common;
they have been found in the majority of the terrestrial
plants in which they have been sought (Kelley, 1932;
Asail, 1934).

The widespread occurrence of mycorrhizae in trees has
recently attracted the attention of foresters, who have
questioned their significance and the possibilities of regu-
lating their occurrence. But at present® knowledge on
the probable significance of the habit in trees is largely
theoretical or circumstantial. While many theories have
been advanced during the last half century, only two ex-
planations have received any general acceptance ; namely,
(1) that mycorrhizae represent a pathological condition
in which the fungus parasitizes the root more or less at
the expense of the tree, and (2) that they facilitate the
utilization of organic nitrogen in the humus of forest
soils.

1 May, 1935.
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The pathogenic viewpoint is based, in part, on the er-
roneous beliefs (Aldrich-Blake, 1930; Hatch and Doak,
1933) that the fungus inhibits normal root elongation and
that mycorrhizae are relatively infrequent structures.
The conclusion is also inescapable that proof of benefit to
trees from association with mycorrhizal fungi has not as
vet been provided (May, 1935). In part, the pathogenic
viewpoint seems also to be the result of a rigid discipline
in thinking about the character of biological interrela-
tionships. Most scientists have rightly developed a con-
ditioned reflex toward anything which even remotely
savors of teleology. The conception of antagonistie, re-
ciprocal parasitism, the net result of which may be bene-
fit to both parties, need not come under this category. The
highly conservative training of the pathologist in particu-
lar often precludes a ready appreciation of how mutual
benefit can arise in a basically hostile relationship. I
know of no more simple or lucid portrayal of the way in
which such a relationship may come into being than that
visualized by Wells, Huxley, and Wells (1934, p. 934) :

“Fungus and tree-root penetrate where they can and
increase their substance blindly at the expense of what-
ever material they find; selection sees to it that beneficial
variations are appropriated as they turn up. The fungus
mvades, the root resists; there is a balance between the
wmvasion and the defence; there are some advantages on
both sides, but damage on both sides also. The advan-
tages reaped by either of the competitor-partners may
cancel out its losses, and the net result be nil; or one may
achieve a net benefit and to a certain degree exploit the
other; or adjustment may be made so that in both the
benefit outweighs the damage, and thus a true symbiosis
arises.”’

The second theory, namely, that tree mycorrhizae fa-
cilitate the utilization of organic nitrogen from humus
soils, has a far more attractive background than the path-
ogenic view. Nitrates are the common sources of nitro-
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gen in agricultural soils and the absorption of nitrogen in
the form of NO, may be confirmed by its appearance in
quantity in the tissues of plants growing in these soils.
In the humus soils of forests, on the other hand, nitrates
are rarely found, nor have they been demonstrated in the
tissues of trees. These facts, coupled with the known
ability of fungi to decompose and utilize the complex or-
ganic material of humus, provide a striking circumstan-
tial case in favor of the réle of these organs as nitrogen
gatherers. Furthermore, the struggle in the plant king-
dom for nitrogen is severe, and accessory symbiotic or-
gans for acquiring supplementary supplies of this
element are frequent in many plant groups (especially
legumes).

Leaving the question of the manner by which mycor-
rhizae may benefit trees and turning to that of their gross
effect on growth, circumstantial evidence of their useful-
ness is even more convineing.

About twenty years ago an apparent case of seedling
dependence on mycorrhizal fungi was discovered and
studied by Melin (1917) in Sweden. Seedlings of pine and
spruce, started from wind-distributed seeds in recently
drained peat bogs, were found to grow normally only
when they became infected with mycorrhizal fungi trans-
mitted by wind or other agencies from the surrounding
woodlands. Those seedlings which lacked infection ex-
hibited unmistakable evidences of nitrogen starvation
and eventually died.

The second example and later others of similar charac-
ter concern the initial failures but subsequent recoveries,
following artificial soil inoculation, of seedlings in as
many as sixteen new forest nurseries and several planta-
tions. Fourteen nursery failures are reported from West-
ern Australia alone where afforestation on a large scale
1s still in progress. In each nursery seeds of pines germi-
nated normally and produced seedlings which at first
were healthy. But except for an occasional group of
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seedlings the plants soon ceased growth, turned yellow,
and thereafter gradually died (Kessell, 1927). Although
the trouble was first diagnosed as a nutrient deficiency, it
was found that fertilization was of only temporary bene-
fit. An examination of the roots revealed no pathological
conditions but it was noticed that, except for the few
groups of seedlings which grew healthily, the coralloid
roots (mycorrhizae) which nurserymen in other regions
had learned to associate with healthy stock were absent.
Small quantities of soil from established nurseries in
other regions were worked into a few of the seed beds and
the pines in these beds recovered and thereafter grew
normally. Their recovery was accompanied by the de-
velopment of mycorrhizae on their root systems. Subse-
quent inoculations of seed beds in all nurseries saved the
entire afforestation project from abandonment.

An identical experience was recently described from
Southern Rhodesia where a new nursery in an unforested
area was finally saved from abandonment by seed-bed
inoculations (Anonymous, 1931). In Java and Sumatra
(Roeloffs, 1930) plantations of seedling stock which
lacked mycorrhizae have been saved by subsequent inter-
planting with mycorrhizal seedlings. Still another ex-
ample is reported from the Philippines where attempts
over a period of twenty years to grow Pinus insularis
from seeds in the lowlands outside of the tree’s natural
range had invariably failed (Oliveros, 1932). Seedlings
transplanted to the lowlands from nurseries located
within the highland range of the tree, however, grew more
luxuriantly in the new environment than in the old. Not
until seed beds were inoculated was it possible to raise the
pines from seeds at the low altitudes.

These examples afford striking support for the view
that mycorrhizae are beneficial, though it must be ad-
mitted that the evidence is circumstantial only. The
truth is that there is still lacking incontrovertible proof,
such as was adduced long ago for the nodule bacteria of
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legumes, that mycorrhizal fungi, and they alone, are re-
sponsible for the stimulated growth of seedlings in such
nurseries. The use of pure cultures of these fungi for
inoculating the seed beds can alone supply this essential
demonstration." Until such time as this type of informa-
tion is available all views on the function of mycorrhizae
must remain open to question. But in the meantime the
indications are plain that a knowledge of mycorrhizae, of
the mechanics of nutrient acquisition in trees, and of the
role of symbiosis in the life of the forest may one day as-
sume a practical importance which was hardly suspected
a decade ago.

In addition to uncertainties about the physiological na-
ture of the mycorrhizal relationship is the question of the
occurrence of these structures in nature. The impression
seems to be quite general among both foresters and bot-
anists that agreement on this point has not been reached.
One knows only that some students claim that in forest
soils all short-roots are mycorrhizal. Others maintain
that, in common with leaf-spot diseases, mycorrhizal in-
fections wax or wane according to seasonal variations
which influence the growth and distribution of the fungus.
Still others report the finding of healthy trees which
wholly lack mycorrhizae. Which of these views is cor-
rect? Or if all possibilities actually occur what processes
of reasoning have led some students to believe that the
relationship is beneficial to the tree and others to con-
clude that it is detrimental? Quite obviously the whole
subject of mycorrhizae is in need of thorough inquiry.

The purposes of this paper are: (1) to assemble a liter-
ature which demonstrates that for more than a century
investigators of tree roots in natural habitats have found

1 Since this was written experiments involving the introduction of pure
cultures of myecorrhizal fungi into soils which normally lack ectotrophic
mycorrhizal fungi (Hateh, 1936; Young, 1936) have provided proof of the
beneficial nature of mycorrhizae in pine. Rayner (1935) has likewise em-

ployed pure culture inoculations but in seed beds which already possessed
mycorrhizal fungi.—Author, July, 1936.
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mycorrhizae to be widespread and habitual, (2) to supply
a critical and weighted review of knowledge and theories
on the factors controlling the distribution and abundance
of ectotrophic mycorrhizae and of their significance in
tree growth, (3) to report studies which have led the pres-
ent writer to discard many current concepts on the mycor-
rhizal habit (ectotrophic) and to suggest a more adequate
explanation of this phenomenon, (4) to indicate some of
the problems in need of solution and the more promising
methods of attack, and (5) to point out the probable ap-
plications of knowledge on mycorrhizae in forestry.



II. REVIEW OF LITERATURE

Prevarence oF EcrtorrorHIC MYCORRHIZAE

TrE possibility that the mycorrhizal habit may be of sig-
nificance in plant growth is obviously bound up with its
occurrence in nature. If infected roots are scarce they
can have little influence on tree growth; conversely, if
they are everywhere numerous, it is probable that they
exert profound effects either beneficial or injurious de-
pending upon their character. While botanical and
forestry literature is replete with evidences of the uni-
versality of the habit, this fact is little appreciated by
other than specialists. In fact, as Kelley (1932) has
pointed out, mycorrhizae are today quite frequently re-
garded as exceptional if not pathological structures. It
is rather surprising then to find that even the original
classification of root-systems in many trees into short-
and long-roots (a classification proposed by Th. Hartig
in 1852, long before the dual character of short-roots was
recognized, and still in use) was based on the differences
which today we recognize as those which separate mycor-
rhizal and non-mycorrhizal roots respectively. Further-
more, there is only one modern student of the habit in
trees who does not recognize that these infections are
widespread and habitual. ‘

The general lack of appreciation of such facts is in part
a result of the tendency to review the theories and contro-
versies of the subject rather than to supply a critical
survey of actual observations on the abundance of mycor-
hizae; in part it is the result of a too literal acceptance of
the root-hair picture of absorption as found in many agri-
cultural plants. In this section it will be pointed out that

for more than a century the commonest type of root en-
9
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countered by investigators of trees growing in natural
habitats seems to have been mycorrhizal.

Tur EarLy Periop

In most plant roots the mycorrhizal fungi are endo-
phytic and hence stained sections must be prepared be-
fore their presence or absence can be verified. When this
was done by early students they usually recognized the
presence of the fungus. By far the majority of root
studies, however, have not involved the preparation of
stained sections and the fact of fungal infection has been
completely missed. But fortunately, in those plants which
possess ectotrophic mycorrhizae, the presence of the
fungus is obvious, to the experienced student, from ex-
ternal appearances. The fungus commonly gives the
short-roots a white and more or less glistening appear-
ance and causes them to swell and to branch in various
distinetive manner (Plates I, XTI, XTIV, XV).

It follows that in trees possessing ectotrophic mycor-
rhizae, external drawings of the root habits alone will dis-
close the presence of mycorrhizae. There are many such
drawings in the forestry and botanical literature of the
nineteenth century. From these drawings and from writ-
ten descriptions (a) of supposed parasitisms on tree
roots (Monotropa, truffles, ete.), and (b) of the structure
and morphology of tree roots, a wealth of information on
the general occurrence of mycorrhizae may be gathered.
In many cases this information is much more valuable
than that gained from more recent studies because early
students were not influenced by preconceived ideas on the
character of root systems. Indeed, although they de-
scribed typical mycorrhizae in every respect, a few in-
vestigators did not even recognize that the roots which
they regarded as the normal absorbing organs of trees
were infected by fungi. To them the fungal mantle was a
protective layer of very minute cork cells, and the inter-
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cellular-net hyphae of the cortex were curious wall thick-
enings of unknown function. Quite obviously material of
this unbiased character, material assembled from the lit-
erature of a period which knew no plant symbioses and
which, therefore, was not encumbered by theories of par-
asitism, of altruism, or of simple physio-chemical rela-
tionships, has a value in a review of this kind which is
unique.

TeE LiTERATURE oF THE AssociaTioN or Monotropa sp.
AND or Trurrres witeH Tree Roors

The curious nature of the absorbing systems of mem-
bers of the genus Monotropa, combined with their lack of
chlorophyll, very early led taxonomists to regard these
plants as root parasites. That this view is erroneous was
first suggested by Graves (Curtis and Hooker, 1826, I11),
who washed out clumps of Monotropa hypopitys from the
soil and found that ‘‘they were decidedly not attached to
the roots of other plants but were only entangled among
them.”” Graves found the roots covered with ‘“. . . a
whitish, silky, somewhat fibrous material, connecting
them with the decaying leaves and other vegetable sub-
stances among which they grow, . . .”” Graves also took
up large groups of Monotropa, transplanted them to
other woodland habitats, and found that they continued to
grow for six or seven years. The complete independence
of Monotropa from other cormophytic plants was also
demonstrated in 1823 by Hooker (Exotic Flora, 1825, 11,
p- 85) who raised M. uniflora in the Botanical Gardens of
Glasgow. The plants grew ‘“. . . in a box of earth which
was sent containing other rarities from the neighborhood
of Montreal. . . .”’ |

The first to recognize the fungal nature of the outer
covering of Monotropa roots was the renowned Swedish
mycologist, Elias Fries (1832). He designated the fun-
gus Tuburcima Monotropa.
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Right years later in his ‘‘Beitrage zur Kenntniss der
parasitischen Pflanzen,”” Unger (1840) reproduced a
drawing of this plant (Text Fig. 1) which beautifully il-
lustrates the mass of mycorrhizal roots intermixed with
those of Picea excelsa. Of this mass Unger wrote: ‘“‘Der

Text Fra. 1. MONOTROPA AND IN-
TERMIXED ROOTS OF TREES.

(dfter Unger, 1840).

einem Rhizome #nliche knollenformige, unregelmissige
Korper, woraus die Bluthenschifte dieser Pflanze ent-
springen, besteht aus einem Convolute innig verfiltzter
Whurzelfaseren, welche zum theil den Parasiten zum theil
der Nahrpflanze (Pinus Abies 1.) angehoren. .. .”
Neither in his drawing nor in the text does Unger differ-
entiate the roots of the tree from those of the smaller
plant and the parasitic contact was believed to be exter-
nal, in the coralloid mat or ‘‘Filz”’ formed by the two
root systems. There can be little doubt that the roots of
both plants were typically mycorrhizal.

In England during the following years a controversy
on-the mode of nutrition of Monotropa appeared in the
“‘Phytologist,”” but the work of Graves and Hooker and
of Fries was not cited. Of the five participants in the con-
troversy all referred to the nature of the outer covering
of the roots and the last investigator, Rylands (1842),
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established its fungal nature. Luxford (1841), who in-
troduced the subject, referred to the outer covering of the
roots as a ‘‘bysoid fungus’’; Lees (1841) considered it to
be in the nature of ‘‘suckers’’; Wilson (1842) believed it
to be ‘‘an intrinsic and essential part of Monotropa—the

4
S\
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Text Fig. 2. PART OF A
LONGISECTION OF A MONO-
TROPA ROOT.

(After Rylands, 1842).

part to which I have applied the name root.”” The matter
was apparently settled to the satisfaction of all concerned
by Rylands (1842) who, by the use of improved micro-
scopical technique, demonstrated that the covering of
these roots was really fungal in nature. Drawings (one
of which is reproduced in Text Fig. 2) of a longitudinal
section of a root showing this fungal layer were included
and the identities of the fungi found in this layer, as de-
termined by M. J. Berkeley, were given.

The controversy in Kngland remained unknown on the
("ontinent (indeed, it was not discovered until 1890 by
Oliver) and the independent nature of this chlorophyll-
less plant was not again clearly established until 1881-
1882. In the interim many descriptions and drawings
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and references to the fungi in the curious roots of these
plants continued to appear (Duchartre, 1846 ; Fries, 1849 ;
Bonorden, 1851; Schacht, 1854 ; Chatin, 1856-65; Solms-
Laubach, 1867-68; Brandt, 1849; and Drude, 1873). In
addition to observing the fungal mantle Drude described
penetration of the hyphae into the roots and noted that
such infections were constant features of these roots. In
concluding that the plant was a root parasite Drude de-
scribed ‘‘haustorial-like’” branches belonging to Mono-
tropa which extended into the roots of beech and spruce,
““. . . doch fand ich bald, dass wirklich starkeren Wur-
zeln der Monotropa kurze Adventivwiirzelchen aussen-
den, welche in die diinneren Wurzeln sowohl von Buchen
als von Fichten eindringen’’ (Drude, 1873, p. 44).

In the final papers of this long controversy Kamiensky
(1881-1882) satisfactorily demonstrated (for the third
time) that Monotropa grows quite independently of tree
roots. He gave the first full and accurate account of the
structure of the roots in which both the mantle and inter-
cellular hyphae were recognized and figured. Roots of
trees growing intermixed with those of Monotropa were
also found to be infected and to exhibit a structure ex-
actly comparable with that in the latter plant; ‘‘Les ra-
cines de quelques arbres, surtout des hétres presentent
avec racines du Monotropa la plus grande resemblence’’
(Kamiensky, 1882, p. 31). This fact led Kamiensky to
attribute Drude’s error in concluding that the plant is a
parasite to his mistaking infected beech and spruce roots
for haustorial branches of the Monotropa plant.

The conclusion seems unavoidable that this similarity
between tree and Monotropa roots, which rendered them
identical to the early worker when intermixed, was re-
sponsible for the entire controversy. The blending of the
two types of roots into one superficially homogeneous
mass, so beautifully illustrated and described by Unger
(Text Fig. 1), is even more substantial evidence in sup-
port of this view than Drude’s haustorial branches.
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Another relationship (still unsatisfactorily under-
stood) with tree roots, from which a number of references
to the mycorrhizae of trees may be obtained, is that be-
tween truffles and forest trees. Among the earliest refer-
ences to this association are those of Tulasne (1841) and
of Vittadini (1843). Indications of the abundance of in-
fected roots are not contained in these papers; but in 1862
Tulasne (p. 19-20) proposed that the relationship was a
special kind of symbiosis. This conclusion would scarcely
have been reached had he not found that the two
organisms were rather constantly associated.

In one of the notable papers of this period, ‘‘Du para-
sitisme probable de quelques especies du genre Ela-
phomyces . . .7, Boudier (1876, p. 115-116) recorded the
constant association of tree roots with these hypogeous
fungi. He noted that all mycologists who had examined
species of Elaphomyces with yellow peridia agree in ob-
serving that the pockets in which these fungi are found
are lined with a reddish network resembling mycelia. But
other species form similar linings and these linings were
actually found to be infected roots of associated trees,
namely, birch, oak, and chestnut, ‘“. . . d’un reseau
rougeatre imitant tres-bien un mycelium, mais forme par
les radicelles des arbres et abrisseaux voisins . . .”” (op.
cit., p. 115). They were described as turgid, irregular
roots which ramify in an abnormal way and become so
numerous, crowded, and entangled that they fill all of the
spaces between the irregularities on the surface of the
Elaphomyces, and these modifications of the roots were
attributed to the fungus. Boudier noted that the myce-
linm which covers the surface of the roots does not pene-
trate beyond the first layer of cortical cells and that the
interior remains uninfected. He even observed that the
activity of the infected roots was apparently stimulated
rather than reduced. Roots of this character were also
discovered in places where the fruectifications of truffles
were absent.
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In the same year Condamy (1876) published a series of
ten color plates in which the connections between the my-
celia of truffles and literally thousands of growing root
tips were illustrated. While the details of these roots
were not described, association of the mycelia with root
tips only adequately indicated that these roots were
mycorrhizal.

The frequency with which the mycelia of Elaphomyces
are found in association with tree roots was again the
subject of a paper by Reess in 1880. He described mycor-
rhizae in some detail and noted penetration of the mycelia
within the roots as had Boudier before him.

It was this work by Reess which formed the starting
point of the well-known investigations of Frank (1885),
which were pursued at the outset with the object of learn-
ing whether or not the production of truffles in beech for-
ests could be increased. While Frank’s study yielded no
information on this question it did lead to publication of
the observation that in forests the short-roots of Cupuli-
fers are invariably mycorrhizal. Frank’s work is taken
up in detail in a subsequent section.

KvipENcE oN THE PREVALENCE O0F MYCORRHIZAE OBTAINED
FROM HARLY STUDIES ON THE CHARACTER OF RooT SYSTEMS

Robert Hartig (1888, p. 122) once remarked, after de-
seribing Frank’s theory of mutual benefit, ‘‘Diese An-
sicht ist offenbar geeignet, alle bisher bestehenden
Anschauungen iiber die Krndhrung der Bdume um-
zudrehen.”’

Undoubtedly all previous ideas on the absorption proc-
ess in trees had been modeled after those for agricultural
plants. Yet in 1888 there was already in existence an ex-
tensive literature which pointed to the distinetiveness of
the process in tree roots,—a literature to which Theodor
Hartig, Robert’s father, had been an outstanding con-
tributor. But Robert Hartig did not appreciate the sig-
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nificance of these contributions. The task of interpreting
this early literature was first accomplished by George
Sarauw in 1893a in his monograph, ‘‘Rodsymbiose og
Mycorrhizer.”” Much of the valuable material for estab-
lishing the general character of the mycorrhizal habit
which Sarauw assembled in this scholarly review has long
been overlooked or forgotten. In view of the importance
of this material in any survey which endeavors to clear
up uncertainties about the mycorrhizal habit, its recapitu-
lation here needs no apology.

In modern texts of silvies, plant physiology, and anat-
omy, drawings are provided of the root tips of corn or of
other agricultural plants as they appear when grown in
moist air or in sand culture. Forestry texts of the nine-
teenth century were equally constant in displaying the
roots of pine or of fir gathered from trees grown in forest
Or nursery environments.

One of the most widely used forestry texts in Germany
during this period was the ‘‘Lehrbuch fiir Forster,”” a
text which was carried through eleven editions (1807-
1879) by three successive generations of the Hartig fam-
ily. Starting in 1840 and appearing in all subsequent
editions, a drawing of the absorbing roots or *‘Saugwur-
zeln’’ of fir was included which undoubtedly shows my-
corrhizae. The same drawing was also included in the
separate editions of Th. Hartig’s ““Luft-, Boden- und
Pflanzenkunde in ihrer Anwendung auf Forstwirth-
schaft.”’

Another German text of the period, ‘““Der Baum’’
(Schacht, 1853 ; Plate 1, Fig. 18; Plate 2, Fig. 4), includes
drawings of whole seedlings of Abies pectinata and of
Pinus sylvestris. Modern studies have shown that in the
absence of infection by mycorrhizal fungi (that is, in sand
culture) the short-roots both of fir and of pine remain
simple and unbranched. When infected by mycorrhizal
fungi, they become swollen and branched, racemosely in
fir, but dichotomously in pine. Schacht’s drawings show
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the short-root tips of both to be white and swollen. Those
of Abies pectinata are branched racemosely, those of
Pinus sylvestris in some cases are branched dichoto-
mously. There can be little doubt that both seedlings
were mycorrhizal.

Text Fre¢. 3. ROOTS OF ABIES

PECTINATA, SHOWING CORAL-

LOID MYCORRHIZAL SHORT-
ROOTS.

(From Schacht, 1860).

In subsequent editions of Schacht’s text (both the Ger-
man and French) these figures were replaced by a more
extensive drawing of the roots of Abies pectinata
(Schacht 1860-1865; Plate 1, Fig. 20). Again the white
swollen tips and racemose branching of the short-roots
beautifully typify the mycorrhizae of this fir (Text Fig.
3).

The most frequently cited illustration of mycorrhizal
roots in this period are those of Th. Hartig (Text Fig. 4)
which appeared in his ‘‘ Vollstdndige Naturgeschichte der



THE BLACK ROCK FOREST 19

forstlicher Culturpflanzen Deutschlands’ (1840-1852,
Plate 18, Figs. 4-10). In these both the fungal mantle
and the intercellular mycelial net are well illustrated by
sectional drawings. But contrary to current opinion
(Rayner, 1927, p. 6) Th. Hartig did not regard the fungal
elements in these roots as parasites. He did not even
suspect that the structures which he described were any-

Text Fia. 4. LONG-ROOTS OR “TRIEBWURZEL"” (4, a). SHORT-

ROOTS OR “SAUGWURZELN"” (4. b and 7). CROSS SECTION OF A

SHORT-ROOTS (8). INTERCELLULAR MYCELIUM OR ‘“ANASTO-
MOSIRENDES GEFLECHT” (10).

(From Th. Hartig, 1852).

thing other than normal inherited anatomical parts of the
short-roots. Although he once more referred to the in-
tercellular net in 1863 and reproduced the drawings
(Text Fig. 4) again in his ‘‘ Anatomie und Physiologie
der Holzoflanzen’’ in 1878, the character of the fungal net
which now bears his name was never understood by Th.
Hartig.

As Sarauw (1893a, p. 51) pointed out, the very fact
that these figures were included in the forestry publica-
tions of the period is excellent evidence that mycorrhizae
(although not recognized as dual structures) were re-
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garded as the normal and typical absorbing organs
(Saugwurzeln) of trees. Sarauw also noted that in the
entire silvicultural literature of the period not a single
illustration of the roots of older trees is found that does
not show evidences of the presence of the fungal mantle.
This fact was regarded by him as of profound signifi-
cance in establishing the generality of the habit. ‘‘Ikke
uvigtigt for Betydningen af Spgrgsmaalet om Mykor-
rhizernes Optraeden forekommer det mig derfor at vaera,
at der 1 den hele tidligere til Skovbruket egentlig knyt-
tede Literatur ikke findes nogen Afbildning af Sugergd-
der hos aeldre Skovtraeer uden Svampeskeden.’’

Before the true nature of Hartig’s ‘“ Anastomosirenden
Geflicht’” (intercellular network of mycelinm) was finally
established, three other students of root anatomy had ob-
served and recorded these curious wall structures in ab-
sorbing roots (Nicolai, 1865, p. 62; Van Tieghem, 1871, p.
187; and Resa, 1877, p. 26). It is of interest that Resa,
who regarded them as a series of intercellular spaces sur-
rounding the cortical cells, reported that they were not
confined to the short-roots but occurred also in some long-
roots.

Another series of papers, concerned chiefly with the
occurrence, character, and functions of root hairs pro-
vides additional indications of the frequency with which
mycorrhizae were encountered during this period. The
first to recognize that fungi are present in tree roots was
the Italian investigator Gasparrini (1856) who discov-
ered them while studying the nature and function of root
hairs. He regarded the organism in the short-roots of
Pinus Halepensis as an alga; but in Corylus avellana and
Castanaea vesca it was regarded as fungoid. In all cases,
however, Gasparrini was apparently confused as to the
nature of the fungal mantle, which he regarded as a part
of the root.

The infrequency of root hairs in many forest trees at-
tracted the interest of Hartig (1840), Gasparrini (1856),
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Schacht (1859-1860), and Schwartz (1883). While
Schacht found them occasionally on all trees except Picea
excelsa, Schwartz reported them to be uniformily absent.
In first-year seedlings, on the other hand, according to
Hartig, Gasparrini, and Schacht, root hairs were abund-
ant, and this fact was subsequently substantiated by
Klebs (1885, p. 543 ), Reess and Fisch (1887, p. 22), Frank
(1888, p. 255), V. Tieghem (1888, p. 343), etc., and by
modern investigators. It is also known through modern
studies that root hairs are usually produced on long-
roots. With mycorrhizal short-roots, however, the nature
of the fungal covering obviously excludes the possibility
of root hairs appearing. Furthermore, it is now known
that seedlings in their first year (Frank, 1885, p. 132;
Moller, 1903, p. 325; Melin, 1917, p. 367, and 1927) fre-
quently lack or form but few mycorrhizae. These facts
strongly suggest that the early reports of the infrequency
of root hairs on forest trees, except in one-year seedlings,
may have had their origin in the unrecognized fact that
fungal mantles replace root hairs on short roots in plants
over one year in age. It is interesting to note in this con-
nection that Schwartz (1883, p. 168) found abundant root
hairs on Tavus baccata, a plant possessing endotrophic
mycorrhizae, in which the formation of hairs is not sup-
pressed by fungal infection.

Sarauw (1893a, p. 172-173) believed that references to
root hairs with more than one cell also shed some light on
the frequency with which early workers encountered
fungus-infected roots. As early as 1794 Franz von Paula
Schrank (p. 52) reported all root hairs of trees examined
by him to be several-celled. Link (1837, I, p. 359, 369,
381; I1, p. 33-35) separated roots according to those with
one- and those with two-celled hairs, and both Treveranus
(1835, p. 376-377) and Gasparrini (1856, p. 42) believed
root hairs, in some cases, were more than one-celled. Th.
Hartig (1840-1878, Plate 1, Fig. 14) also illustrated sev-
eral-celled root hairs. But root hairs in most Phanero-
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gams are simple elongations of cortical or epidermal cells
and never possess septa (Schwartz, 1833, p. 176). Sarauw
(p. 172), accordingly, was certain that in all cases where
authors had referred to root hairs with more than one
cell, they had confused septate fungal hyphae with root
hairs. This recalls (Sarauw, 1893a, p. 173), a remarkable
admonition by C. A. Agardh (1829-30, p. 120) ““. . . that
the fine hairs which appear on certain parts of the roots
where the soil is not tightly packed are fungus-like for-
mations and should not be confused with plant organs’’*
(my translation).

TexT Fié¢. 5. MYCORRHIZAL ROOTS OF
BEECH GROWING BETWEEN LEAVES.

(From Mfdiller, 1878, 1886).

Still without recognizing their true nature, a number of
excellent drawings and descriptions of mycorrhizal roots
of beech were published by Miiller in 1878 (p. 31-43, 63,
141-143, Figs. 4-7). The roots were branched racemosely

1 The ease, for example, with which fungal hyphae can be confused with
root hairs, even when the association of fungus with roots is known, is well
illustrated in a drawing of a beech root by P. E. Miiller (1878). Miiller
recognized his error after the appearance of Frank’s paper of 1885 and
reproduced his earlier figures again (Miiller, 1886), but with a correct
legend.
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between decaying leaves, to which they were tightly
bound by fungal hyphae (Text Fig.5). In Miiller’s opin-
ion the fungus was useful in that it brought about more
intimate contacts between absorbing roots and the leaves
from which nutrients were drawn (:bid., p. 42-43). Al-
though Miiller did not recognize the real character of the
association, his descriptions and drawings (Text Fig. 5)
adequately establish the fact that the associations were
habitual.

Another factor in directing attention to fungus-infected
roots in this period was the current interest in the phy-
logenetic significance of the dichotomous habit in roots.
Janczewsky (1874) believed dichotomy, in all Phanero-
gams, to be the result of parasitic invasions by micro-
organisms. Thus in Pinus Strobus L. he accounted for
the constant forking of short-roots by an equally constant
infection by a ‘‘meistentheils epiphytischen Pilz’’ (Janc-
zewski, 1874, p. 116). Although it has been established
by pure culture experiments (Melin, 1925; Hatch and
Doak, 1933; and Plate 111, G, of this paper) that dichot-
omy in pine can also be produced in the absence of the
fungus by certain conditions of the nutrient environment,
the fact remains that in nature this type of short-root
branching is almost invariably the result of fungus in-
fection.

The question of the cause of dichotomy having been
introduced by Janczewski, it was taken up by Bruchman
(1874) who recorded his observations on a number of
conifers in his paper ‘‘Ueber Anlage und Wachsthum der
Whurzeln von Liycopodium und Isoetes.”” Fungus mycelia
were found in the periblem of all dichotomized roots of
Pinus sylvestris L. and also in a “‘Krust’’ of dead cortical
cells which covered the entire surface of these roots (that
is, the fungus mantle). Dichotomy was found to be ab-
sent, however, in roots of Picea excelsa, Juniperus com-
mums and the dicotyledonous trees examined, although
they also exhibited the same type of fungus infection (In



24 PHYSICAL BASIS OF MYCOTROPHY

these, fungus infection is now known to stimulate race-
mose branching).

In this entire early literature there is no reference
which so convincingly establishes the common occurrence
of the mycorrhizal habit in trees as the one by Th. Hartig
in his ‘“‘Vollstandige Naturgeschichte der forstlichen Cul-
turpflanzen Deutschlands’’ (1851). In desecribing the fig-
ures in Plate 18 of that volume, Hartig gave his first clear
classification of pine root systems (see also ‘‘Lehrbuch
fiir Forster,’” 1840, 1851). According to their characters
the tertiary roots of pine were separated into two groups,
“Triebwurzeln’’ and ‘‘Saugwurzeln,”” which are the
equivalent today of long-roots and short-roots respec-
tively. The two types, reproduced here in Text Fig. 4 (4,
a and b), were described by Hartig as follows:

““a. Triebwurzel, d. h. derjenige Theil der Faserwur-
zeln, welcher die Verlingerung und Ausbreitung der
Wurzeln vermittelt.”’

““p. Saugwurzeln, d. h. die den Triebwurzeln entspros-
senden vielfach veriastelten feinsten Wurzeldstchen. An
der Spitze einer jeden, den Winter iiber braun geférbten
Faser erzeugt sich im Friihjahr ein verdickter, Spargel
ahnlicher Trieb, das eigentliche Organ des Organ des
unterirdischen Pflanzenlebens. Diese Spargelspitzen er-
halten sich bis zur Mitte des Sommers und scheinen dann
zu verschwinden, indem die dussere, sehr dicke Zellen-
masse abstirbt, eintrocknet und braun wird, worauf der
jingste Saugwurzeltrieb von den vorhergehenden nicht
mehr zu unterscheiden ist. Daher schreibt sich die, selbst
von Botanikern vielfach aufgestellte Behauptung: dass
die Wurzeln ihre jiingsten Triebe jahrlich abwiirfen und
reproduzirten, wie die Drone Blatter erzeugt und
abwirft.’’

“Fig. 8. Querschnitt eines Saugwurzelastes im Friih-
jahr. Die ausserste Umbhiillung bildet eine aus radialen
Zellen bestehende Korkschicht, von welcher ein durch
eigenthiimlichen Bau der Winde ausgezeichnetes gross-
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zelliges Parenchym eingeschlossen wird. Es zeigen hier
namlich die Zellenhdute ein dem Blattadernetze dhnliches
anastomosirendes Geflecht. Fig. 10, welches ich fiir das
Bild veristelter, den ganzen Umfang der Zelle umge-
bender Intercellulargéinge halte, deren Zweck eine er-
hohte Zellenthétigkeit sein mag. Diese meines Wissens
bisher nicht weiter beobachtete Organisation erlangt
gerade an diesem Orte eine besondere physiologische
Wichtigkeit.”’

While these descriptions contain several inaccuracies,
the evidence is conclusive that Hartig’s Saugwurzeln
were mycorrhizal short-roots and that the distinctive
characters which separated these from his Triebwurzeln
were merely those which separate mycorrhizal and non-
mycorrhizal roots.

In passing to the next period, a period in which contro-
versy on the character of the mycorrhizal habit was often
heated, we can anticipate that the contention of several
workers that mycorrhizae were infrequent structures did
not long survive the test of field examinations.

Evipexoe ox 1HE GENERAL, OCCURRENCE OF THE MYCOR-
RHIZAL HanrT, 1882-1935

A significant factor in creating and perpetuating un-
certainty about the commonness of the mycorrhizal habit
has been the custom of reviewing theories rather than the
observations on which these theories were based. All too
frequently the views of authors opposed to the beneficial
theory of mycorrhizae possessed backgrounds of hasty,
local, or inaccurate field studies or else they were theoret-
ical only. In any survey of the literature these publica-
tions are given undue weight unless observational data
rather than theoretical conclusions are made the basis of
comparison. In the present section an attempt is made to
confine the review to direct field evidence only. When
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possible, obvious fallacies in the mode of collecting these
field data are pointed out. '

Twae Discoveries oF GIBeLLI aND Frank (1883-1885)

The first publication which yielded extensive compara-
tive information on the occurrence and distribution of
mycorrhizae was (fibelli’s (1883) report on the ‘‘ink dis-
ease’’ of chestnut in Italy. Mycorrhizae were encoun-
tered while Gibelli was examining diseased roots of
Clastanea for the causal organism of this disease. Short-
roots possessing the typical mycorrhizal structure were
described and illustrated with precision. Both the mantle
and the intercellular net were recognized. To determine
whether the fungi in these roots produced the disease,
Gibelli examined the roots of healthy chestnut trees and
found fungus infection equally abundant. Next his ex-
aminations were extended to trees other than chestnut,
and in species of Quercus, Corylus, Ostrya, and Carpinus,
mycorrhizae were reported to be normally present. Fi-
nally, Gibelli examined the roots of many species of
woody plants from various parts of Italy and found con-
stant infection in all Cupulifers. In a large number of
other woody plants, however, infection was not discov-
ered (i.e., in species of Fraxinus, Acer, Ulmus, Pinus,
Juniperus, Cornus, Ligustrum, Viburnum, Pyrus, etc.).
The fact that Gibelli found some plants (Cupulifers) con-
stantly infected and others (Fraxinus, Acer, ete.) com-
pletely fungus-free was largely responsible for his belief
that the infections were without effect on tree growth;
that the fungus was tolerated only because it caused no
injury.

The similarities between Gibelli’s observations and the
earliest ones of Frank (1885a, 1885b) are very striking
despite the fact that the two investigators reached
opposite conclusions. Thus in Cupulifers (species of Car-
pinus, Corylus, Fagus, Quercus, and Castanea were ex-
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amined) Frank found all short-roots invariably converted
to mycorrhizae: ““Um die Wurzeln der Cupuliferen in den
vorscheidenen Lebensaltern zu untersuchen habe ich von
Eichen, Rothbuchen, Hainbuchen, und Haseln aus ver-
schiedenen Gegenden jedesmal zowohl 1-, 2-, und 3-
jarhrige Pflanzen, als auch mit Saugwurzeln versehene
Wurzelstiicke dlterer Baume kommen lassen, namlich von
Eichen bis zu 120 jahrigen, von Rothbuch bis zu 120
jahrigen, von Hainbuchen bis zu 100 jahrigen und von
Haseln bis zu 40 jahrigen Alter. KEs ergab sich das Re-
sultat, dass bei diesen Baumen die Saugwurzeln in allen
Lebensaltern in der Form der Mycorrhiza entwickelt
sind, dass der Pilz wihrend des ganzen Lebens die Wur-
zel begleitet’’ (1885a, p. 134). A considerable number of
other plants were also examined and in some (species of
Saliz, Populus, Pinus and Tsuga) mycorrhizae were de-
termined to be less frequent than in Cupulifers, while in
others they were wholly absent. In the latter group were
included the herbaceous and woody vegetation of the
beech woods (species of Oxalis, Mercurialis;, Anemone,
Asperula, Viola, Convallaria, Hedera, and Acer) as well
as a large number of trees (species of Betula, Alnus, Ul-
mus, Morus, Platanus, Juglans, Pyrus, Sorbus, Cratae-
gus, Prunus, Rhamnus, Cornus, Franxinus, Syringa,
Sambucus, Taxus, Juniporus, and Lariz). Several of
these duplicate the genera listed by Gibelli.

The fact that all short-roots in Cupuliferae were en-
sheathed by mycelium (Text Fig. 6) led Frank to the ob-
vious conclusion that water and nutrients entering the
tree by these roots were obtained from the fungus, ‘. . .
- gewisse Baumarten, vor allen die Cupuliferen, ganz regel-
missig sich im Boden nicht selbstindig ernidhren, sondern
iiberall in ihrem gesammten Wurzelsystem mit einem
Pilzmycelium in Symbiose stehen, welches ihnen Ammen-
dienste leistet und die ganze Erndhrung des Baumes aus
den Boden iibernimmt’’ (op. cit., p. 128-129). The con-
staney of this association, as Frank found it, is further
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Texr Fie. 6. MYCORRHIZAE OF FAGUS (4, 7) AND CARPINUS
(1, 2, 38, 5, 6).

(From Frank, 1885a).
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shown by his statement on the taxonomic value of these
roots, ‘“‘Ja diese Symbiose ist dieser Pflanzenfamilie so
treu, dass man fast versucht sein konnte sie als system-
atisches Kriterium gelten zu lassen. . . .”” (op. cit., p.
136.)

Tar CoNTROVERSY OoF 1885-1887

There is probably no incident in the history of mycor-
rhizal investigations which has been more often related
than the storm of criticism which immediately followed
the publication of Frank’s first paper. Within two years
of its appearance opinions for and against the theory
were expressed by twelve other authors. Of these Gros-
glick (1885), Penzig (1885), and Kummer (1885) con-
fined their arguments to criticisms of Frank’s theory, to
his quotations, and to his claims of priority. Of the re-
maining nine, three only, Kamiensky (1886), Henschel
(1887), and Robert Hartig (1886) opposed Frank’s
claims, at the same time citing original observations of
their own on the relative abundance of mycorrhizae in
nature.

Kamiensky examined tree roots in the vicinity of St.
Petersburg and maintained that fungus roots were by no
means as numerous as Frank claimed. Henschel (p. 117)
correlated seedling health (in Picea excelsa) with the
abundance of mycorrhizae and observed that, ‘‘Der Grad
der Schwiachung nimmt in den Verhaltnisse zu, als die
Pilzwurzelbildung iiberhandnimmt.’’ It was Robert Har-
tig, however, who raised by far the most weighty protest.
He reported that in his recent studies of the Rosellinia
disease of oaks, several twelve-year-old trees had been
excavated from the gardens of the forest experiment sta-

tions at Munich and on these, ‘. . . weder an Eiche, noch
Roth- und Hainbuch, Haseln, p.s.w. . . . eine Spur der
Mycorrhiza zu beobachten war . . .”” (op. cit., p. 351).

Another point raised by Hartig was the time of infection
of the roots: ¢“. . . seien gerade zu der Zeit, in welcher
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die Baume am meisten Wasser und Nahrstoffe aufneh-
men, nadmlich im Sommer zahlreiche, neugebildete Wur-
zelspitzen vollig pilzfrei, die dann erst in Herbst und
Winter befallen und zum grossten Theil getodtet wer-
den.”” (It should be stated that Hartig misjudged the
real situation in this statement. New mycorrhizae are
produced during periods of active root growth and these
periods fluctuate according to weather conditions. Kx-
cept in moist summers root growth is less active in sum-
mer than in spring and autumn.) Hartig remained
skeptical of Frank’s claims that all short-roots are
normally mycorrhizal, and being the leading forest patho-
logist in Germany at that time his opinion carried weight.

The remaining six of the authors who took part in this
first controversy, namely, Woronin (1885), P. E. Miiller
(1886, 1887, 1902, 1907), Lecomte (1887), Paul Sorauer
(1886), Mattirolo (1886, 1887) and Reess (1885, 1887)
wholly or partially supported Frank’s statements of the
generality of the habit with first-hand observations in the
field. Thus, Woronin who disagreed with Frank’s bene-
ficial theory did not question his statements on the fre-
quency of mycorrhizae, and noted that Frank’s ¢‘Pilze-
wurzel—est mir schon seit 2 Jahren gut bekannt. Den
betreffenden Wurzelpilze fand ich an Coniferen, an Sal-
icineen (verschiedens Salix-arten) und sogar an einigen
Grasern’’ (Woronin, 1885, p. 205). These observations
were made in Finland in connection with Woronin’s
studies of edible species of Boletus, a genus which is now
known to be one of the most common producers of mycor-
rhizae. Mattirolo (1886, 1887, 1888, three publications
containing the same material) had similarly observed
mycorrhizae in Italy over a period of years in connection
with his studies on truffles. ILecomte (1887) confirmed
Frank’s opinion for parts of France: ‘‘J’ai trouvé sou-
vent le mycorhiza sur les racines de divers arbres et en
particulier sur celles du Hétre, du Chataugniers, du
Chéne et du Noisetier, dans la region Montagneuse du de-
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partement des Vosges’ (p. 38). ‘‘De jeunes Corylus
Avellana que j’ai eu 1’occasion d’observer, avaient toutes
leurs radicelles recouvertes par le Mycorhiza. . . .”” P.
E. Miiller (1886, 1887) re-examined the material he had
published in 1878 (see p. 25) and again reproduced the
figures of that work, which beautifully illustrate mycor-
hizae. He not only confirmed the abundance of mycor-
rhizae for Denmark but strengthened Frank’s views with
observations on the extensiveness in the soil of the my-
celia producing the mycorrhizae. In Germany, Paul Sor-
auer (1886) appears to have confirmed Frank’s claims of
the generality of the habit, since he illustrated mycor-
rhizae of Pinus Strobus L. and wrote as follows of the
habit in general: ‘. . . bei den Cupuliferen sich fast aus-
nahmslose Regel erweist (nur Keimpflanzen und Wasser-
kulturen lassen pilzfreie Wurzeln erkennen), findet es
sich minder allgemein bei den Coniferen . . . und noch
weniger oft bei den Salicineen.’”” Finally Reess (1886,
1887), whose earlier contribution to this subject in con-
nection with his studies of Elaphomyces (1880) has been
noted in the previous section, continued his examinations
~and found mycorrhizae in many species of trees, espe-
cially pines and other conifers, in Cupulifers and other
broad-leaved trees, and in Monotropa. On their abun-
dance, however, Reess did not fully agree with Frank,
““Von der Kiefer kann ich Schiatzungs sagen, dass ich im
Elaphomycesreichsten Bezirk um Erlagen nicht weniger
pilzefreie jungen Wurzeln gefunden habe, als Pilz befal-
lene.”” (1886, p. 295.) Reess also noted the complete ab-
sence of mycorrhizae in a whole series of other trees.
Toward the end of 1887 Frank contributed another
classical paper, ‘‘Ueber neue Mycorhizerformen.”” He
described roots with exclusively intracellular infection,
and designated them endotrophic mycorrhizae. It is this
type of mycorrhizae which is found in Fraxinus, Acer,
Ulmus, Cornus, Pyrus, Viburnum, Platanus, Juglans,
Taxus, ete. and most of the other woody plants, except
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members of the Cupuliferae, Betulaceae, Abietineae, and
Salicaceae, which Frank, Gibelli, Reess and other workers
first listed as lacking mycorrhizae. Accordingly, the first
and indeed many subsequent reports that such plants lack
mycorrhizae resulted from inability to recognize infec-
tions by external appearances. Today there is not a
single woody plant (excepting only parasites) which is
definitely known to lack mycorrhizae in all environments.

Thus of the fourteen biologists who expressed opinions
on ectotrophic mycorrhizae between 1883 and 1887, eleven
reported field observation; eight of these recorded mycor-
rhizae in great abundance in certain groups of trees, and
only three maintained that they were scarce. In con-
trast, if this analysis were on the basis of theoretical in-
terpretations it would be found that only four of the four-
teen authors supported the beneficial viewpoint (Frank,
Miiller, Lecomte, and Paul Soraur).

In 1888 v. Tubeuf, a student of Robert Hartig, entered
the lists in support of the ‘‘injurious’’ views of his
teacher. His observations were made on seedlings sent in
to Hartig’s laboratory and they apparently favored
neither viewpoint.

1t 1s highly illuminating now to follow this controversy
to its conclusion. Of the group supporting the view that
the habit is normal and widespread, Frank (1888-1894)
and Miiller (1889-1913) published additional observa-
tions. Two investigators who first supporting the oppo-
site view also published in subsequent years, namely,
Robert Hartig (1888-1891) and v. Tubeuf (1889-1903).

In 1892 in his ‘‘Lehrbuch der Botanik,”” Frank sum-
marized his observations as follows (p. 259): ‘“Ich habe
nachgewiesen, dass die Mykorhizen eine bestindige Er-
scheinung an allen Béaumen unserer Wilder sind, soweit
sie zu den genannten Familien gehéren,”’—(Cupulifers,
Betulaceae and conifers)—, ‘‘und dass auch in allen Lin-
dern und Krdtheilen, wo nach dieser Symbiose gesucht
worden ist, sie sich regelméssig gefunden hat, sowie dass
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auf jedem Naturboden schon in den ersten Lebensjahren
des Baumes die betreffenden Pilzmycelien auf die Wur-
zeln desselben gelangen, und dass der Baum auch wihr-
end seines ganzen Lebens, soweit auch sein Wurzelsystem
sich vergrossern mag, mit allen seinen Saugwurzeln in
dieser Symbiose sich befindet.”’

In the numerous references to mycorrhizae which Miil-
ler included among his papers on forest soils in Denmark
over a period of three decades, the generality of the habit
was never questioned. As a typical example of his obser-
vations, a statement on the mycorrhizal conditions of the
seedlings in his experiments with Weiss (reported in
1907) may be quoted: ‘“. . . so habe ich kriftig ent-
wickelte korallenformige Mykorrhizen niemals an einer
kleinen und schwachen Pflanze gefunden sowie ich . . .
abgesehen von den Gefdssversuchen . .. auch keine
grossen und kraftigen Pflanzen ohne Mykorrhizen beo-
bachtet habe”” (p. 196). Both authors (Frank and Miil-
ler) continued to observe mycorrhizae in great numbers
and to regard the habit as a normal one. Turning now to
the advocates of the opposite viewpoint we find that grad-
ually they too came to recognize that the habit was more
general than they had originally claimed.

In 1838 Hartig wrote as follows: ‘‘Diese Wurzelpilze
kommen in dem humosen Boden der Waldbestinde sehr
allgemein vor, und gebt kaum eine Kiche, Buche, Hain-
buche oder einen Nadelholzbaum an denen man nicht
zahlreiche Wurzeln von den Pilzmycel behaftet findet’’
(Hartig, 1888, p. 122). Hartig never did propose that in-
fected roots were quite so abundant as Frank claimed,
partly it seems because he- believed the differences be-
tween long- and short-roots were differences brought
about by the fungus rather than because of inheritance.
His last discussion of the habit appeared in his ¢‘Lehr-
buch der Anatomie und Physiologie der Pflanzen’’ in
1891. While he still did not favor the beneficial theory his
chief criticism of it was that it had not been proved to be
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correct and that infection varied: ‘“‘Der Umstand, dass
immer ein grosser Theil der Wurzeln auch im humosen
Boden frei von Pilzen ist, dass die Pflanzen auch ohne
Mycorhizen vertrefflich gedeihen, zwingt uns, der Frank’s
chen Ernahrungstheorie mit einer gewissen Reserve ge-
geniiberzustehen.’’ (op. cit., p. 151.)

Although he originally supported the early views of R.
Hartig, v. Tubeuf by 1903 had completely altered his
opinion. He divided all plants into seven groups depend-
ing on the character and abundance of their mycorrhizae
and included trees possessing ectotrophic mycorrhizae
among those which are always mycorrhizal.

It seems quite probable, in view of this change of opin-
ion by both Hartig and v. Tubeuf and especially since
other participants in the original controversy never again
questioned the commonness of the habit, that most of
those participants found, on more careful examination,
that fungus roots were abundant. Certainly it may be
concluded from the foregoing analysis that the controver-
sial aspects of the question in Frank’s time centered
chiefly in the functional nature of mycorrhizae rather
than in their occurrence in nature. Failure in the past to
recognize this quality of that controversy has done much
to delay the general recognition of mycotrophy as a nor-
mal and widespread phenomenon.

SUMMARY OF MODERN LITERATURE

‘While the foregoing review supplies ample evidence of
the commonness of the mycorrhizal habit in trees and
shows that even the foremost advocates of the non-sym-
biotic theory eventually recognized this fact, a survey of
other more recent work is not redundant. Especially is
this true in view of the rep2ated assertion by W. B. Me-
Dougall (1914-1928) that mycorrhizae, although produced
in many plants, are infrequent, abnormal, and pathologi-
cal structures. During the last 40 years numerous in-
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vestigators have directly or indirectly added information
of value in establishing the fact of normal mycorrhiza-
formation in trees; but to review their papers is unneces-
sary. Quotations from a few only, representing the more
extensive and summary studies of this period and se-
lected with the view of including observations from many
parts of the world, should suffice. _
Beginning with European studies, one finds that in ad-
dition to furnishing a scholarly review of literature
George Sarauw (1893a) thoroughly explored the roots of
all forest trees in Denmark as well as in parts of France
and northern Germany (Sarauw 1893a, 1893b, 1903-1904).
He writes of these observations as follows: ‘‘Kvery-
where, forest trees from their first year to their greatest
ages possess mycorrhizae with the same constancy. In
nurseries and in botanical gardens fungus roots are less
abundant than in forest thickets where very often all
short-roots of trees become mycorrhizal’’ (1893a, p. 242,
my translation). For Germany Krnest Stahl (1900) made
a thorough study of root conditions in the entire plant
kingdom. He sought the explanation of the entire mycor-
rhizal habit, and from his observations on roots of hun-
dreds of plants in many localities decided that relative
poverty in mineral salts characterized the substrates in
which mycorrhizae appeared. In the case of conifers and
cupulifers, infection was so uniformly present in all habi-
tats examined that other broad-leaved trees had to be

used for this study, ‘“. . . bei welchen die Mykorrhizen
weniger constant auftreten. . . .”” (op. cit., p. 543), i.e,,

Betula, Salix, Populus, members of the Pomaceae, Acer,
Ulmus, Aesculus, and other trees.

The most extensive and thorough studies of tree mycor-
rhizae in recent years have been those of Melin (1917-
1927) in Sweden. In that country the majority of the
forests are characterized by raw humus soils and in these
virtually all short-roots are uniformily converted to
mycorrhizae, ‘‘I mossrika tall- och granskogar finner
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man namligen praktiskt taget alla sugrotter omvandlade

till mykorrhizor . . .”? (1924, p. 201). In the south of
Sweden, on the other hand, mull soils are not infrequent
and there infection is less constant, ‘“. . . sind die Nadel-

baummykorrhizen auf diesen Bodentypus oft sehr
schelcht entwickelt’” (1923, p. 109). After extended ex-
aminations in Kngland Paulson (1923-1924) concluded
that mycorrhizae occur ‘‘. . . abundantly, almost with-
out exception on the roots of Quercus Robur, Fagus syl-
vatica . . . Carpinus Betulus . . . Betula alba, Castanea
saliva . . . Pinus sylvestris and Taxus baccata in wood-
lands of the southeastern countries, especially in those
located on a light soil’” (1924, p. 231). In arctic regions
the evidence assembled by Hesselman (1900) also sub-
stantiates the constancy of the habit; ‘“Die Mykorrhiza-
bildung ist bei Polygonum viviparium L. eine konstante
Erscheinung, . . .”” (p. 37);in Dryas octopetala L., ‘“Die
Verpilzung ist ebenso konstant . . .”” (p. 38); . .
kommen bei den arktischen Salix-Arten allgemein Mykor-
rhizen . . .”” (p. 36).

Relative to the Orient, in recent years a series of
papers by Japanese writers all indicate that the habit is
general in Japan. While Masui (1926-1927) maintained
that in most cases mycorrhizae are injurious, his descrip-
tions in many cases give evidence of their abundance.
For example, with reference to Pinus he states, “‘In Au-
tumn, when new roots become plentiful, they are infected
by the mycelium of the old mycorrhizas and are all trans-
formed into new mycorrhizas’ (1927, p. 159). Taka-
matso (1930, p. 614) notes that ‘‘Die meisten Gew#chse
im solfataren-Gebiete auf dem Berg Hakkoda besitzen
Myecorrhizae. . . .”” A study of the roots of Pinus densi-
flora and P. Thunbergii in many types of soil by Shimizu
(1930) revealed an abundance of mycorrhizae in most
situations. The most extensive survey of the habit
throughout the plant kingdom since 1900 was recently
completed by Asai (1934) who concluded as follows (p.
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118-119) : ““‘Unter 148 gepruften hoheren Pflanzenfami-
lian, ausser den 15 mykorrhizafreien Krautern, 11 Was-
serpflanzen . . . habe ich bei allen Fallen . . . Mykor-
rhiza festgestellt.”’

That they also abound in the tropics was shown long
ago by Janse (1897) for the island of Java. Saprophytes
and orchids of all kinds in the tropies are also known to
possess constant fungal infection (Burgeff, 1932). In
subtropical regions of the southern hemisphere [Aus-
tralia and Africa (Samuels, 1926 ; Kessell, 1927 ; Anony-
mous, 1931)] and in the northern tropies [that is, in the
Philippines (Oliveros, 1932)] the constant possession of
mycorrhizae by species of introduced pine in all success-
tul plantations is well known.

Returning finally to America, where McDougall’s
studies have been pursued, the extensive observations of
several modern investigators furnish the concluding
chapter of this history. A cross section of forest-grow-
ing plants of Towa led Lohman (1927, p. 55) to conclude
that ¢‘ Mycorrhiza-like fungi are of common occurrence in
the Iowa forest flora and are associated with higher
plants of wide family relationships.”” Pessin (1928, p.
32) recorded profuse mycorrhizal development on nur-
sery seedlings of southern pines, ‘‘Mycorrhizas were
found in abundance on roots of seedlings of Pinus palus-
tris, P. echinata, P. caribaea, and P. taeda. It seems in-
conceivable, at least to the writer, that seedlings which
appear to be literally covered with mycorrhizas and yet
seem perfectly vigorous should harbor a parasitic fun-
gus.”” A study of the majority of the woody plants of the
eastern and midwestern states which occupied Kelley
(1932) for a number of years did not reveal a single
species in which infection was not present. In the same
year McArdle (1932) examined roots of trees growing in
plantations in Michigan and concluded as follows: ‘At
least 98 per cent of the rootlets on the better quality sites
of the spruce plantations, and probably 75 per cent of the



383 PHYSICAL BASIS OF MYCOTROPHY

rootlets in the white pine plantations were estimated to
bear mycorrhizae’’ (p.293). Doak (1927), and Hatch and
Doak (1933) have been constantly engaged in a study of
tree mycorrhizae in the Central Atlantic States and in
parts of the Middle West and in Scandinavia over a
period of several years. They report that they have
“‘rarely observed short-roots (on forest trees over one
yvear of age, growing in good forest soils with pH less
than 5.5) that were not mycorrhizal’’ (1933, p. 87). The
recent studies of Henry (1933-1934) have likewise ex-
tended considerably the known list of American plants
possessing mycorrhizae.

Against such unanimity of evidence, McDougall’s
claims can hardly survive. Serutinized with care they
likewise fall short on other grounds. As pointed out by
Hatch and Doak (1933), one error common to the work
of several modern students of ectotrophic mycorrhizae is
failure to recognize the fundamental and inherited differ-
ences between long- and short-roots. More serious in
McDougall’s studies has been his assumption that the
abundance of fleshy fungi in the vicinity of tree roots
serves as a measure of mycorrhizal abundance. A tree
which possesses abundant mushrooms beneath it one year
and none the next is believed by McDougall to possess no
mycorrhizae in the latter year (1914, p. 64). This as-
sumption led him (1928, p. 144) to assemble from ‘‘forest
rangers and other natives’” the information that during
a prolonged drought in the south in 1925-1926 few toad-
stools had been observed. He concluded that ‘‘very few
if any mycorrhizae were produced in the Pisgah National
Forest during this prolonged dry period, . .. on the
other hand, there was no evidence that any of the trees
had suffered any ill effects from the dry weather or the
absence of mycorrhizae. . . .”” (Ibid.) Certainly this
method of collecting ecological data has no very extensive
background of reliability. The accuracy of McDougall’s
claims may therefore be questioned even without refer-
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ence to the vast accumulation of contradictory observa-
tions the world over. v

Thus, on the question of the general occurrence of the
mycorrhizal habit in forest trees, the literature displays
a degree of uniformity which is wholly unexpected in
view of its more publicized controversies. It must sur-
prise the reader as it has the reviewer to learn that
among all students of ectotrophic mycorrhizae no one
who has examined roots in nature over a period of years
by reasonably accurate methods has persisted in regard-
ing mycorrhizae as infrequent structures. The probable
fact is that in all natural forest habitats 100 per cent of
all short-roots of trees producing ectotrophic mycorrhizae
are normally mycorrhizal. And short-roots numerically
represent well over 95 per cent of all root-ends in most

trees.

FacTtors RESPONSIBLE FOR VARIATION IN THE ABUNDANCE
oF MYCORRHIZAE AND THE THEORIES OF MYCOoTROPHY

Although the conclusion may be justified that forest-
grown trees normally have virtually all of their short-
roots converted to mycorrhizae, the fact remains that in
some soils these structures are infrequent or even absent
(Hartig, 1886 ; Sarauw, 1893a; Melin, 1925, ete.). If the
cause of these variations in the abundance of mycorrhizae
could be discovered, considerable information on the
character of the relationship between fungus and tree
root might be revealed. Many investigators have recog-
nized this possibility and have attempted to discover the
causes of variations and to formulate theories to explain
their findings. This literature is assembled in the present
section.

Beginning with a number of papers in the early eighties
(1880-1885) differences in the degree to which roots be-
came mycorrhizal were recorded, but without reference
to environment (Reess, 1880, 1885; Kamiensky, 1882,
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1886 ; Gibelli, 1883). Even this early, such observations
played an important part in shaping the opinions of these
workers. Thus Reess, at first, found uninfected roots to
be as plentiful as infected ones and consequently he could
not arrive at a definite opinion as to their effect on plant
growth. A primary reason for Kamiensky’s belief that
fungus roots in Monotropa facilitate nutrient absorption
was the constancy with which infection occurred. Simi-
larly, his ‘‘parasitic’’ interpretation of the situation in
trees was prompted by his failure, for reasons still un-
known, to find infected roots in great abundance. The
conclusions reached by Gibelli (1883) that the fungus is
tolerated only because it causes no damage was also a
direct outcome of his finding a great many trees without
evident infection (that is, those which were subsequently
found to have endotrophic mycorrhizae).

TaE COoNCENTRATION OF MYCORRHIZAE IN Humus SoLs

Fiven in his earliest papers Frank (1885a, 1885, 1888)
recorded a direct correlation between the abundance of
mycorrhizae and the humus content of soil. These ob-
servations led Frank (1888) to propose the humus theory
and to carry out a number of experiments to support it.
The experiments were rather crude and the results may
be interpreted in several ways, but they constitute an im-
portant part of Krank’s contributions. Seedlings of
beech were grown in pot cultures of meadow soils, garden
soils, humus, sterilized humus, and sand; and in some
cases mycorrhizal seedlings were transplanted to these
substrates. Mycorrhizal development was less profuse or
wholly absent in all cultures except those with forest
humus. Seedlings grown in sterilized humus grew more
poorly than in unsterilized humus. These results were
believed to support the theory that mycorrhizae are or-
gans concerned with the utilization of forest humus, and
that they disappear in soils lacking this material. The
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poor development of mycorrhizae in the cultures of
meadow soil, for example, implied to Frank that the or-
ganic remains of plants other than trees are not readily
utilized by tree mycorrhizae. It was on this basis that he
explained Robert Hartig’s (1886) disturbing report that
mycorrhizae were wholly lacking on oaks and other trees
growing in the gardens of the forest experiment station
at Munich.

That mycorrhizae are more profusely developed in the
humus layers of forest soils than in any, or nearly any,
other soil layer or type has frequently been confirmed.
Among Frank’s contemporaries these differences were
reported by Robert Hartig (1888, 1891), Vuillemin (1890,
p. 327), Sarauw (1893a, p. 183), v. Tubeuf (1888-1903),
and Reess (1887). Hartig’s observations are the most
notable, since it was his report of their absence in garden
soils that precipitated much of the controversy about the
prevalence and significance of fungus roots. Hartig’s
subsequent confirmation of the abundance of infection in
humus soils has been quoted in an earlier section. The in-
vestigations of Sarauw (1893a, p. 183) in parts of France,
(Grermany, and Denmark confirmed those of Frank on the
question of distribution so exactly that he scarcely more
than mentioned them: ‘. . . mine Iagttagelser til forsk-
jellig Aarstid paa unge og gamle Skovfyr paa Bornholm,
Sjaelland, Fyen, i Brandenburg, Paris og Fontainebleau
have givet Resultater, der stemme overens med de ovenn-
aevnte Forskeres, tillader jeg mig igvrigt at henvise til
disses Afhandlinger. . . .”” The extensive observations
of Stahl (1900), which will be dealt with in detail below,
yielded similar confirmation of the concentration of
mycorrhizae in humus soils: ‘‘ Am reichlichsten vertreten
sind sie auf humusreichem Substrate; mit abnehmenden
Humusgehalt treten sie, jedoch nie bis zum volligen
Schwinden, zuruck.”’ (p. 544.) For species of Monotropa,
Peklo (1908), Christoph (1921), and Francke (1934) have
all confirmed the greater abundance of mycorrhizae in
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humus than in other soils. Indeed, Peklo (1908) even re-
ported the complete absence of infection in specimens
growing in soils rich in clay. Peklo’s report stimulated
Francke (1934, p. 5) to investigate the question of distri-
bution with great care. While he never found infection
completely absent, he confirmed the commonness of the
relationship between the humus content of soils and the
degree of infection in Monotropa roots: *“. . . eine zuf-
fallende Abhéngigkeit vorhandes ist in der Stirke der
Wurzelverpilzung, . . . von dem Gehalt des Bodens an
organischen Stoffen.”’

For forest trees Melin (1917-1927) has firmly estab-
lished the generality of this rule in Sweden. In the raw
humus forests over most of Sweden, practically all short-
roots become mycorrhizal; but in the south of Sweden
where there are mull soils, infections are frequently much
less numerous or even absent.

Many other references of a similar character are found
in myecorrhizal literature, but further ecitation can
scarcely strengthen the present picture. Attention may
more profitably be directed to an examination of the pos-
sible cause of this observed relationship.

THEORIES EXPLAINING THE ABUNDANCE 0F MYCORRHIZAE IN
Humus

INFECTION THEORY

One of the commonest views, especially among investi-
gators who regard mycorrhizae as injurious and among
mycologists, is that these fungi are found in greatest
abundance in humus soils for the reason that they find
their optimum environment in forest habitats (Hartig,
1888; McDougall, 1914; Lange, 1934). This view is un-
tenable, since fructifications of mycorrhizal fungi may be-
come more abundant in open field soils, if the appropriate
tree roots are present (Text Fig. 7), than they normally
do in forests.
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Under these circumstances mycorrhizae also abound
(Romell, 1921; Palm, 1930; Horn, 1933). They are also
very numerous and well developed in alpine and arctic re-
gions where humus is scarce (Hesselman, 1900 ; Schroter,
1908 ; Wulff, 1902 ; Peyronel, 1930), and even in sandy soil
where organic materials could not be detected by chemical
means (Moller, 1903).
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Tar Miverarn Sant TaEORY OoF STaHL (1900)

That plants which lack mycorrhizae in cultivated and
fertilized soils frequently possess them in uncultivated
soils was first recognized by Schlicht in 1889. A student
of Frank, Schlicht interpreted his observations on the
basis of the humus theory.

On a background of similar discoveries Krnest Stahl
(1900) advanced the most comprehensive, intricate, and
keenly perceptive hypothesis to explain mycotrophy that
has ever appeared. He sought to discover the reason that
among plants of different species, growing side by side
in the same nutrient environment, some should possess
mycorrhizae while others lacked them. The constant pos-
session of mycorrhizae by some plants, regardless of the
character of the soil in relation to nitrogen, suggested to
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Stahl that the habit had a more general utility than ac-
quisition of organic nitrogen. He found by independent
examination that, despite the absence of demonstrable
quantities of nitrates in some humus soils, autotrophic
plants growing in them possessed nitrates in their leaves.
The fruiting bodies of fungi also contained nitrates in
quantity. That these nitrogen salts were not found in the
leaves of mycorrhizal plants did not signify, in Stahl’s
opinion, that such plants obtained their nitrogen in or-
ganic form (op. cit., p. 633).

These considerations and the observation that the
abundance of mycorrhizae decreases with increase in soil
fertility led Stahl eventually to the opinion that the basis
of the habit, as he expressed it, ‘“Der Sinn der My-
corhizenbildung,’’ is poverty in mineral salts. He postu-
lated that plants which are incapable of absorbing large
quantities of salts, because of restricted root systems and
sluggish transpiration currents, become mycotrophiec.
Mycorrhizae are, therefore, especially abundant in infer-
tile soils because here the salt deficiencies of plants are
aggravated.

While modern studies on selective permeability are
generally believed to indicate that salt and water absorp-
tion are unrelated processes, biologists of earlier periods
regarded them as interdependent. The bulk of Stahl’s
paper, accordingly, comprises a series of comparative
studies of the rates of water movement in plants of
widely removed systematic relationships, and correlation
of these rates with the abundance of mycorrhizae and
with the availability of mineral salts in different environ-
ments. Measurements of water movement in the hun-
dreds of plants examined were of course impossible, and
Stahl resorted to indirect methods. Comparative rec-
ords of the presence or absence in plants of structural or
physiological features conducive to a rapid transpira-
tion stream were assembled [such, for example, as the
extensiveness of the root systems, the character of the
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leaves in relation to the ease of water loss, the possession
of hydathodes, the habit of the plants (whether sun or
shade species), the storage of synthesized carbohydrates
in the leaves as sugars or as starches (increasing or
reducing sap concentrations respectively and therefore
transpiration), the formation of calcium oxalate crystals
reducing the effective concentration of calcium, ete.].

In general, Stahl found close agreement between the
volume of the transpiration current as measured by these
means and the production of mycorrhizae. When the
root systems were extensive and the plants possessed
features which tended to increase absorption or water
loss, mycorrhizae were relatively infrequent. A sluggish
water current, on the other hand, was typically correlated
with the appearance of root infection. The nicety with
which these observations dovetailed with those which
originally suggested the mineral salt theory, namely,
fluctuations in the degree to which plants became mycor-
rhizal with differences in soil fertility, satisfied Stahl
that his theory was correct.

Stahl was confronted with the difficulty of explaining
the concentration of mycorrhizae in forest soils where
nutrients other than nitrates were not known to be de-
ficient. Although the deficiencies of nitrates in forest
soils were early recognized (Ebermeyer, 1888), the situa-
tion in regard to mineral salts is only now beginning to be
appreciated (Gast, 1937; Mitchell, 1934). In Stahl’s
opinion this was the crux—‘‘die Kernfrage’’—of the
whole mycorrhizal problem. Stahl noted, first of all, that
fungi, as evidenced by the high nitrogen and mineral salt
content of their fructifications, are extremely efficient in
extracting nutrients from organic materials. Higher
plants, lacking the ability to utilize humus, are of neces-
sity forced to compete with fungi for the mineral salts
which the latter liberate from the humus. It was sup-
posed that those autotrophic plants which possess un-
usually deep and extensive root systems, supplemented
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by structural or physiological features for increasing the
rapidity of the transpiration current, could live in such
environments. Plants equipped with mycorrhizae, on the
other hand, could compete with fungi on equal terms.
Thus severe competition between vascular plants and the
more efficient soil fungi accounted in Stahl’s opinion for
the increased abundance of mycorrhizae in humus soils.

Attempts were made to test the correctness of this view
of the importance of fungus competition. Plants were
grown in pots of sterilized and unsterilized humus, and
growth of their roots and of the whole plants were com-
pared. Roots in sterilized humus grew more slowly and
became much less extensive than those in corresponding
unsterilized soils. The whole plants, however, grew to be
much larger. These results were believed to indicate
that with elimination of fungus competition a much
greater quantity of mineral salts became available so
that a less extensive root system could support a much
larger top. Another check on the correctness of the
theory was obtained by comparative ash analyses of
mycotrophic and autotrophic plants growing in the same
environment. With due allowance for the effect of hyda-
thodes on salt contents, Stahl found in a limited number
of plants a rather substantial agreement between the
quantity of ash they contained and their root condition.
Plants with a paucity of ash possessed mycorrhizae and
those with high ash content were autotrophic.

Finally Stahl examined a number of parasites and in-
sectivorous plants and concluded that these in common
with mycotrophic plants represent nature’s solutions of
the same problem, namely, life in infertile substrates. In
Stahl’s words (p. 661): ‘‘Relative Nahrsalzarmuth,
welche nach unserer Ansicht die Ausbildung der Myco-
trophie, wie auch der Insectivorie und des Parasitismus,
veranlasst hat, charakterisirt auch die Standorte, an
welchen die Mycotrophie in den Vordergrund tritt,
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wihrend bie zunehmendem Vorrath an mineralischen
Nahrstoffen die Wurzelverpilzung seltener wird.”’

Today the mineral salt theory is thought of more often
as a monument to an ingenious and philosophical mind
than as a serious explanation of mycotrophy. Many fac-
tors have contributed to this result. Among these the
most serious has been the non-acceptance by physiologists
of the assumption that absorption of water and of the
mineral salts dissolved in it are related processes.* The
theory is also criticized on the basis of inaccuracies or
assumed inaccuracies in Stahl’s observations. Many
plants which were listed as autotrophic in his paper have
since been found to possess mycorrhizae. The question:
is not asked, however, whether these plants were growing
in less fertile substrates when found with mycorrhizae
than in those substrates from which Stahl deseribed them.
The criticism is made that Stahl failed to find mycor-
rhizae, although they were present, in some of his experi-
mental plants (for example, Vaccinium), grown in
sterilized soils where mineral salts were abundant. The
criticism is based on the unfounded assumption that the
fungi regularly associated with the seeds of these plants
also produce mycorrhizae, an assumption which repeated
experiments by the sponsor of this view have failed to
confirm (Rayner, 1925).

The opinion of Melin in 1925 on Stahl’s theory is less a
criticism than it is a weighing, in favor of the organic
nitrogen theory, of the possible factors in Sweden to
which the habit may be a response. He expresses these
views as follows (Melin, 1925, p. 106) : ““Wahrend jedoch
Stahl meint, dass die Mykorrhizapilze anorganische Salze
an die Wurzeln vermitteln, liegt die Bedeutung der
Mykorrhizen nach meiner Ansicht in erster Linie darin,
das sie auf Boden vom Rohhumustypus den fiir den hoh-

1In 1935 Hitchcock and Zimmerman provided eclear-ecut proof that the
movement of water and of materials dissolved in it to the leaves of plants
are intimately related. This criticism of the Stahlian hypothesis is there-
fore questionable. More recently, Freeland, R. O. (1937). Effeet of tran-
spiration upon the absorption of mineral salts. (Amer. J. Bot. 24:373-374),
has provided data which are even more conclusive. (Author, August, 1937.)
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eren Symbionten notigen Stickstoff leichter assimilieren
konnen als die Wurzeln allein. . . . Es ist zwar moglich,
dass ausserdem auch gewisse andere Nahrstoffe in der
Humusdecke, wie Kalium-und Phosphorsalze, durch die
Mykorrhizen leichter aufgenommen werden als durch die
Whurzeln allein; da aber diese Salze auch in dem darunter-
ligenden Mineralboden zu finden sind, driiften sie durch
nicht verpilzte Wurzeln auch von hier aufgenommen wer-
den konnen.’’

Tae NiTrRoGEN THEORY

The more commonly accepted explanation of the func-
tion of tree mycorrhizae and of their prevalence in humus
soils is centered in the nitrogen theory. In this view it is
proposed that mycorrhizae are more efficient organs for
absorbing nitrogen from humus than are non-mycorrhizal
roots because their fungal components are capable of
utilizing the complex organic sources of nitrogen con-
tained in these plant remains. In forests of cool climates,
where humus tends to accumulate, nitrogen and other
elements are gradually concentrated in this layer. It is
believed that under these conditions the benefits of sym-
biotic association with fungi capable of utilizing organic
nitrogen are greater than the dangers of reciprocal para-
sitism.

In less accurate form this view was first expressed by
Frank in 1894. He was influenced chiefly by two discov-
eries: (1) that trees possessing mycorrhizae exhibit no
trace of nitrates in their tissues, and (2) that forest soils
are similarly deficient in these sources of nitrogen (Eber-
meyer, 1888). In contrast, both agricultural soils and the
plants growing in them possess large quantities of ni-
trates. Therefore Frank believed that in forest soils trees
obtain their nitrogen as ammonium salts or in organic
form. The facility with which fungi utilized these com-
pounds indicated to Frank a special significance of
mycorrhizae in forest soils.
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Subsequently this view has been accepted and elabo-
rated by many investigators. Von Tubeuf (1903), who
first favored the non-symbiotic view of his teacher, R.
Hartig, later became one of the outstanding advocates of
the organic nitrogen theory. It is supported by Falck
(1923) and by Francke (1934), both of whom believe that
the absorption of carbohydrates is also a funection of
ectotrophic mycorrhizae. The most extensive and best
known work on the theory is that of Elias Melin (1917-
1927).

In northern Sweden, where most of Melin’s studies
have been carried out, the forest soils are of the raw
humus type. In the southern part of Sweden the soils are
of the mull type. Examined from the viewpoint of nitro-
gen availability, the mull soils exhibit lively mobilization
rates of both ammonium salts and nitrates, particularly
the latter (Hesselman, 1927). Under these conditions un-
infected roots are believed to be fully capable of satisfy-
ing the nitrogen requirements of forest trees, and Melin
(and recently Lindquist, 1932) has observed that here
mycorrhizae are not infrequently poorly developed. In
raw humus, on the other hand, the mobilization rates of
nitrates in most cases are quite negligible and in the
northernmost forests even ammonium salts are evolved
only slowly. Under such conditions it would appear that
nitrogen requirements must come largely from organic
sources of this element, and since mycorrhizae are here
profusely developed the facts fit the theory. The discov-
ery of a similar correlation between the nitrogen mobili-
zation rates of newly drained bogs and the development
of mycorrhizae on the trees growing in them supplied the
original stimulus which interested Melin (1917) in the
mycorrhizal habit. It was found that in the main part of
the bogs, where nitrate mobilization rates were negligible,
seedling growth was directly proportional to the abun-
dance of mycorrhizae on their roots (Text Fig. 10).
Along drainage ditches, however, where the banks were
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covered with subsoil, nitrates were abundant, and here
seedlings grew vigorously in the absence of mycorrhizae.

Nearly all work on the physiology of tree mycorrhizae,
recorded in the literature, has been carried out with the
object of elucidating the organic nitrogen theory. In the
next section of this paper the results of these experiments
have been assembled, and when actual data were included
in the original papers these have been reproduced in
graphical or tabulated form. They demonstrate conclu-
sively that the nitrogen theory is untenable as a full ex-
planation of the mycorrhizal habit in trees. Moller (1902,
1903, 1908), Miiller and Weiss (1907), and Melin (in his
latest, 1927, published experiments), all failed to find the
indirect relationship between nitrogen availability and
the abundance of mycorrhizae which the nitrogen theory
postulates. Indeed, the exact opposite relationship was
discovered. For this reason Moller (1903) questioned the
correctness of the whole theory that mycorrhizae are
beneficial organs. Miiller and Weiss (1907) merely ques-
tioned whether the significance of mycorrhizae is under-
stood. Melin (1927, p. 492) concluded that the character
of the humus itself determines the results, and that the
development of mycorrhizae is favored by the factors
which bring about an increase in the nitrogen mobiliza-
tion: ‘‘Es ist meines Krachtens wahrscheinlich, dass in
erester Linie die Humusformen selbst direkt oder indi-
rekt die Ursache fiir die verschiedene Ausbildung der
Mykorrhizen gebildet haben’’ (1927, p. 492).

In subsequent years MecArdle (1932) and Rayner
(1934) have carried out experiments on tree mycorrhizae
that were planned from the viewpoint of the nitrogen
theory. The method used in McArdle’s study, namely,
growth of seedlings on synthetic organic sources of nitro-
gen in open cultures, precluded from the start any hope
of success. Rayner’s experiments yielded positive results
but, as she apparently recognizes, their character does
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not permit one to conclude that the utilization of nitrogen
is the essential function performed by mycorrhizae.

The belief is still general that ectotrophic mycorrhizae
are of significance chiefly in that they enable trees to
utilize organic sources of nitrogen, but at least three in-
vestigators have been unable to confirm this possibility
by comparative studies of the abundance of mycorrhizae
in soils in which the factor of nitrogen availability was
varied. It would therefore appear that this explanation
cannot account for the observed facts of mycorrhizal
distribution in nature.

A number of other less general explanations of ob-
served peculiarities in the local distribution of mycor-
rhizae have been suggested by Melin and are worthy of
note.

ErrrcT oF HyprogeENy Jon CONCENTRATION ON THE
DisTtriBUTION OF MYCORRHIZAE

In pure culture, Melin (1925, p. 96-101) discovered that
the mycorrhizal fungi characteristic of raw humus soils
grow best at pH values of approximately 4.5. At values
below 3.0 or above 6.0 growth is markedly inhibited. In
the raw humus soils of Sweden the hydrogen ion concen-
tration varies from a little above pH 3.0 to a little less
than 6.0, showing a close correlation with the values ob-
tained for normal growth of mycorrhizal fungi in culture.
On the other hand, in the mull soils of southern Sweden,
where the lime content is high, the pH value approaches
neutrality. Melin concluded that the probable explana-
tion of the poor development of mycorrhizae in these soils
is the unfavorable hydrogen ion concentrations for
growth of mycorrhizal fungi. Lindquist (1932) for the
same region related the absence of mycorrhizae to high
nitrification rates.

Although hydrogen ion concentration may explain the
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absence of mycorrhizae in some instances, it probably
does not play a very large réle in determining mycor-
rhizal distribution in general. In America, for example,
Lohman (1927, p. 49) reports the presence of mycorrhizae
in forest plants regardless of soil acidity. Nor do pH
values approaching neutrality retard the development of
mycorrhizae on pine in Australia (Cromer, 1935). Fur-
thermore, the optimum range of pH values favorable for
growth of mycorrhizal fungi in mull and mineral soils,
respectively, may differ. Melin’s studies were with fungi
which grow naturally in acid soils only.

Tae TarORY OF Toxic Propucts oF Fungal. METABOLISM

In pure culture, the products of metabolism of many
mycorrhizal fungi rapidly inhibit continued fungal
growth (Melin, 1925; Hatch and Hatch, 1933). Melin has
suggested, accordingly, that the poor growth of over-
mature and long stagnant stands of spruce growing in
heavy accumulations of humus in northern Sweden may
in part be caused by similar accumulations of toxic sub-
stances in the humus. The idea was mentioned merely as
a speculation: ‘‘Uber diese Fragen habe ich aber bisher
keine direkten Untersuchungen ausgefiihrt.”” (1925, p.
101.)

INFLUENCE OF Soin. AERATION ON DISTRIBUTION
0F MYCORRHIZAE

To Melin we are indebted for still another explanation
of peculiarities in mycorrhizal distribution, namely, that
in saturated bog soils the fungi producing mycorrhizae
are incapable of growth (Melin, 1917). When such bogs
are successfully drained tree growth is possible and my-
corrhizal fungi also gradually become established. Of all
explanations of mycorrhizal distribution this is the only
one which has been definitely proved.
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CoNCcLUSIONS

The mineral salt theory, while having much in its favor
in the writer’s judgment, has been generally discredited.
Experiments to elucidate the nitrogen theory have shown
that it is inadequate or at best that it can explain only a
part of the picture. Other interpretations very clearly
have but local application, are wholly speculative, or are
obviously incorrect.

As to the passive view of mycorrhizae championed on
theoretical grounds by many workers and expressed in
the well known words of Gibelli (1883), ‘. . . che certe
forme parassitarie potessero avere un indigenato tol-
lerato e tollerabile sulle radici del castagno sano, senza
suo sensibile detrimento,”” one can only say that it is
seemingly not the way of nature to isolate from its source
of nourishment well over 95 per cent of all absorbing sur-
faces of one organism by a parenchyma-like envelope of
another, without effects arising therefrom. Nutritional
symbioses are altogether too common and widespread in
both plant and animal kingdoms to suppose that here in
plant roots the most common and intimate associations
known between fungi and plants should be tolerated only
because they do no harm. Indeed, in orchids (Kusano,
1911; Beau, 1922; Knudson, 1929, although he interprets
his results differently; Burgeff, 1932) with endotrophic
mycorrhizae, and in Monotropa (Francke, 1934) with ec-
totrophic mycorrhizae, the fact of beneficial symbiosis has
been experimentally proved. The anatomical and cyto-
logical similarities of the mycorrhizae of these plants and
those of vast numbers of other plants, including trees, are
too close to suppose that their physiological functions are
entirely dissimilar. The conclusion is unavoidable that
mycotrophy represents a nutritional symbiosis. The
problem is to discover its nature and cause. The ex-
perimental approach is the only one that appears capable
of yielding conclusive results.



IT1I. EXPERIMENTAL
INTRODUCTION

No comprLETELY successful method for exploring the
physiology of tree mycorrhizae is known, and the de-
velopment of suitable experimental techniques is a neces-
sary prerequisite to further progress.

Because the influence of other microdrganisms is
eliminated, pure culture is generally regarded as most
suitable for studying the effects of mycorrhizae on
growth. In its usual forms, however, pure culture has
failed to yield conclusive results and considerable im-
provement in the physical environment and in the facility
with which the composition of the substrate can be con-
trolled must precede its further application to these
studies. Unfortunately, the alternative course recently
suggested by McArdle (1932), that of using open culture
methods with synthetic organic substrates, has long been
recognized as inapplicable to the problem.

In view of the knowledge which can be gained concern-
ing the nature of mycorrhizae through comparative
studies of the development of mycorrhizae in soils of
different characters (see preceding section), the soil
culture (pot culture) method recently improved by Hes-
selman (1927) and Melin (1927) seems especially
promising.

From the beginnings of interest in mycorrhizae, cyto-
logical and anatomical studies have formed a conspicuous
portion of the evidence on which conclusions with respect
to the character of mycorrhizae were based. Difficulties
in the utilization of these methods experimentally, as in
the utilization of microchemical techniques, arise from
the fact that localized conditions in the root tips must be

54
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interpreted on the basis of the physiology of the whole
plant. Cytological studies have shown that the activity
of cortical cells embedded in mycelium is normally stimu-
lated by the fungus rather than decreased or stopped, and
that hyphae penetrating into these cells are usually di-
gested. One can conclude little more from this knowledge
than that mycorrhizal fungi are not pathogenic in the
ordinary meaning of this term and that there is evidence
of an exchange of nutrients. From anatomical relation-
ships it is known that all water and nutrients which enter
tree roots (that is, those forming ectotrophic mycor-
rhizae) by way of short roots pass through fungal
hyphae, but in what manner and to what extent this is of
significance to the tree is largely conjectural.

Although microchemical studies have shown that my-
corrhizal roots may possess more or less of a given
nutrient element than a corresponding uninfected root,
the interpretation of this evidence on the basis of seed-
ling physiology is hazardous. When such studies are
made on roots collected from soil where the nutritional
conditions vary in every part of the soil, almost any
positive conclusion is speculative. These methods may
be useful, yet by themselves they are incapable of solving
the problem. Attention may more profitably be focused
on those experimental methods in which gross effects of
mycorrhizae on total seedling growth can be accurately
measured.

These considerations led the writer to select the pure
and soil culture methods for exploring the habit. To
yield conclusive results the accuracy of the methods had
to be materially improved and much time was spent on
this part of the investigation. It involved, among other
things, the pursual of quantitative experiments and the
use of statistical methods in interpreting results. With
abundant pure culture and pot culture material available,
a comparative study of the morphology and anatomy of
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mycorrhizal and non-mycorrhizal seedlings was also
undertaken.

Sor, CuLTurRE EXPERIMENTS
PREVIOUS RESULTS

Studies of the comparative abundance of mycorrhizae
on seedlings grown in pot cultures of different kinds of
soil were first undertaken by Frank (1888). Mycor-
rhizae were found to be more plentiful on beech seedlings
raised in humus than in meadow or garden soils. These
results were at first thought to support the humus theory,
but later they were fitted into the view that utilization of
the organic nitrogen of humus is the specific function of
mycorrhizae (Frank, 1894).

Results wholly contradictory to those of Frank were
repeatedly obtained by Moller (1902, 1903, 1908) in a
series of pot (or box) culture experiments. Seedlings of
Pinus sylvestris were grown in the separate horizons of a
100-year old pine forest soil as well as in the nitrogen-
and humus-free tertiary sand from the subsoil one and
one-half meters below the surface. The height-growth
and abundance of mycorrhizae on seedlings raised for
one and two years in the various horizons are shown in
Text Fig. 8. Included in Moller’s papers are photographs
of root systems and of whole plants which strikingly
illustrate the differences shown in this figure. To learn
whether mycorrhizae fix atmospheric nitrogen, Moller
(1903) transplanted mycorrhizal seedlings to clean,
almost pure sand (‘‘Urboden’’) collected one and one-
half meters below the soil surface (analyzed by Ramann
and reported to be free of nitrogen and organic materi-
als). Mineral salts were added to all pots, and nitrogen
in the form of nitrates to half of them. After a year’s
growth the plants having access to nitrates had profuse
mycorrhizae and were large and healthy, while those
lacking nitrates had occasional mycorrhizae and were
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poorly developed. Although this experiment was de-
signed to test the theory of nitrogen fixation, it demon-
strates that mycorrhizae may be produced in inorganic
substrates in the presence of abundant supplies of inor-
ganic nitrogen. Moller (op. cit., p. 333) stated of his
results: ‘“‘Die regelmissige Zufuhr des Salpetersduren

Natron hat, . . . die Mykorhizen in ihrer Entwicklung
befordert.””
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(Plotted from data of Mdéller, 1903, p. 258).
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In another experiment Moller (1908) transplanted
small, mycorrhizal seedlings, raised in sand, to humus;
and conversely, non-mycorrhizal seedlings, raised in
humus, to sand. After a year’s growth the mycorrhizal
development of the plants was completely reversed.
Plants grown in a mixture of the two soils exhibited in-
termediate growth and intermediate mycorrhizal develop-
ment. Moller reported a large number of other
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Text Frg. 9. RELATION OF MYCORRHIZAL DEVELOPMENT TO PLANT
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“5" INDICATES PROFUSELY CORALLOID MYCORRHIZAE, *0” NO
MYCORRHIZAE.

(Values from Miiller & Weiss, 1907, p. 197).
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experiments which demonstrated that addition of humus
to infertile sandy soils invariably stimulated seedling
growth, the degree of stimulation varying directly with
the infertility of the soil. Moller concluded that the role
of mycorrhizae in nitrogen utilization as postulated by
Frank was not apparent and he questioned whether the
true significance of mycorrhizae was known.

The development of mycorrhizae in relation to the size
and vigor of beech seedlings was studied by Miiller and
Weiss (1907) in Denmark. The plants were grown for
periods of one and two years in moorland and in nursery
soils in the field, and in pot cultures of the moorland soil.
Lime and inorganic nitrogen were added to the moorland
soil in some treatments. Miiller noted that under field
conditions he had never found well developed coralloid
mycorrhizae except on vigorous seedlings; and con-
versely, he had never found small unhealthy seedlings
with coralloid mycorrhizae. The relation between the
length of seedlings (average length of plants in each
height class, 0-3 ecm., 3-6 cm., 6-9 c¢m., ete.) and the my-
corrhizal development of the beech seedlings raised by
Miiller and Weiss in the field is given in Text Fig. 9.
These curves show precisely the opposite relationships
from those of Moller (Text Fig. 8). It was impossible
for Miiller to decide whether the good growth of the
seedlings resulted because of profuse development of
mycorrhizae or whether the production of these mycor-
rhizae was in some way favored by vigorous seedling
growth. That mycorrhizae are not always essential to
healthy growth of seedlings was demonstrated as in
Moller’s experiments by the complete absence of mycor-
rhizae on seedlings raised in the moorland soil in pot
cultures (Table 1). Itis now known that potting infertile
soils greatly increases their fertility temporarily (Ro-
mell, 1934). It was also discovered that the availability
of nitrates had no influence on root hair development, but
the presence of nitrates was necessary for the formation
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of mycorrhizae. According to Frank’s theory, on the
other hand, mycorrhizae become useful to trees when
nitrates are not available. These results led Miiller, in
common with Moller, to question the correctness of the
current (1894-1906) concepts of the rdle of mycorrhizae
in tree nutrition.

TABLE I

REeEraTioNn or LiMING AND NITROGEN ADDITIONS TO AVERAGE
LeENGeTH OF PLANTS AND MYCORRHIZAL DEVELOPMENT OF
BeecH SEEDLINGS GROWN IN Por CULTURES OF SOIL
FROM BEECH MOORLANDS IN DENMARK

(After Miiller and Weiss, 1907)

Treatment, No. plants Av. length Myec. develop.

One year plants

None ) 5.4 0.0

NO, salts 8 7.3 0.2

NH, “ 6 . 0.8

Limed, no N. 5 9.1 0.0

“ NO, salts 9 8.2 0.3

% “NH. * 10 5.4 0.0
Two year plants

Limed, no N. 1 12.2 1.8

“ NO, salts 3 12.3 0.3

& NH, ¢ 3 10.2 0.2

In one of the classical contributions to mycorrhizal
literature Melin (1917) correlated seedling growth in
newly drained peat bogs with the abundance of mycor-
rhizae on their roots. The case differed, apparently,
from previous studies in that mycorrhizal fungi were
initially absent from the soils in question and the pro-
duction of mycorrhizae depended on chance inoculation
of the seedlings by wind-blown spores. Healthy seedlings
never were found in the bogs proper, except when in-
fected. Seedlings showing poor growth increased their
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orowth with infection, and such stimulated growth did
not result from increases in the nitrification of the soil.
All evidence pointed to the symbiotic role of mycorrhizae
as the cause of normal growth. The relation found be-
tween the growth of 191 seedlings of pine and spruce, as
measured by needle lengths, and mycorrhizal develop-
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Text Fre¢. 10. RELATION OF NEEDLE-LENGTH TO PER CENT OF SHORT-
ROOTS CONVERTED TO MYCORRHIZAE ON 174 SEEDLINGS GROWING IN
NEWLY-DRAINED BOGS IN NORTHERN SWEDEN.

(Valwes from Melin, 1917, p. 398).
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ment is shown in Text Fig. 10. As mentioned in an
earlier section, seedlings grown along drainage ditches
where nitrate mobilization was rapid lacked mycorrhizae,
vet they grew vigorously. Melin favored the nitrogen
theory of Frank as the most satisfactory explanation of
the function of mycorrhizae and accordingly attributed
the good growth of these ditch-grown plants (lacking
mycorrhizae) to the abundance of nitrates along drainage
ditches.

The influence of a variety of factors on growth and the
mycorrhizal development of conifer seedlings in seedbeds
and in peat was recently studied by Laing (1932). Addi-
tions of calcium phosphate and (or) ammonium sulphate
to nursery beds of P. sylvestris increased the development
of mycorrhizae. Ammonium chloride, on the other hand,
had no effect on the character of the short-roots. None
of these treatments influenced the formation of mycor-
rhizae on seedlings of Picea Abies (L.) Karst. The
effect of a number of chemicals—lime, potash, magnesium
carbonate, phosphates, and nitrates—on the formation of
mycorrhizae in peat was also examined. Magnesium car-
bonate alone produced changes in the character of the
short-roots, the number of mycorrhizae being increased.
The usefulness of Laing’s results in the present discus-
sion is limited by the absence of chemical analyses and by
detailed growth and mycorrhizal data.

The most spectacular results yet obtained are those
reported by Oliveros (1932) in the Philippine Islands.
Between 1909 and 1926 in a series of nine attempts to
raise Punus insularis at Los Bafios, Laguna, from seeds
collected at Baguio, Mt. Province, not a single plant sur-
vived. In 1919, 1922, 1927, and again in 1929 potted
seedlings from Baguio were planted at Los Bafios. These
all survived and at the time of measurement in 1932 had
grown in height an average of over a meter a year, nearly
twice the growth made by the tree in its native range. A
series of experiments was then commenced with sterilized
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and unsterilized soils, the latter collected from around
the roots of these trees. Soil sterilization renders unsafe
a direct comparison of the two sets of experiments as
made by Oliveros. It is generally known, however, that
sterilization usually produces an initial stimulation of
growth because of increased availability of nutrients
(Waksmann, 1932; Frank, 1894; Stahl, 1900; and many
others). But in these experiments seedlings in sterilized
soil grew an average of only 2.9 em. in one series and 3.9
in another, while those in non-sterilized soils grew 10.4
and 12.0 cm. respectively in the same period (five
months). Data on the development of mycorrhizae were
not given.

In a recent publication Rayner (1934) has described
the influence of soil inoculation and fertilization on the
growth and mycorrhizal development of pine seedlings.
The work was carried out in an infertile heath soil which
had given poor results in earlier attempts to establish
pine seedlings. Prepared nursery beds and pot cultures
were inoculated with forest humus collected in Sweden,
Corsica, and Ireland. Pure cultures of mycorrhizal fungi
were also used for inoculating pot cultures of the heath
soil. Finally, composted organic materials derived from
sawdust, straw, and other organic wastes were added to
the nursery beds and to the soil in pot cultures, and the
growth and mycorrhizal development of the seedlings
grown in them were observed. The results were presented
only in the form of generalized statements and photo-
graphs. The latter show enormously stimulated growth
of seedlings in some of the compost treatments and small
but fairly consistent increases with soil and pure culture
inoculations. While comparative data on the growth of
seedlings in soils with and without the organic composts
are not given, the differences shown in photographs
appear to be of the same order reported by Maller (1908)
for additions of humus to similar infertile sandy soils.
Rayner (p. 116) believes that soil inoculations as well as
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compost additions stimulated the production of short-
roots before any possible effect due to mycorrhizal ac-
tivity could have been initiated. She (p. 122) concluded
that a direct causal relationship exists between the
development of mycorrhizae and thrifty development of
various species of pine. Although this conclusion does
not indicate the manner in which mycorrhizae are
thought to benefit the seedlings, it is clear that Rayner
associates stimulated growth with an increase in nitrogen
acquisition.

The culture studies of Francke (1934) on Monotropa
hypopitys L. have yielded results of unusual significance.
While the tendency among modern students of the physi-
ology of mycorrhizae is to pursue comparative studies on
seedlings grown in wholly artificial substrates, Francke
was unable to do this. Monotropa seeds could not be
germinated under aseptic conditions and minute seed-
lings, resulting from seeds germinated in soil, had to be
used. As expected, introduction of these into synthetic
media was followed by profuse development of contam-
inating organisms, so that synthetic susbstrates were
useless. When seedlings were grown in flasks of sterilized
and washed humus, development of the contaminating
organisms introduced with the seedlings was less profuse
than on artificial substrates. These cultures were inocu-
lated with various Hymenomycetes, especially species of
Boletus, and with the specific ectophyte (apparently a
Boletus sp.) previously isolated from Monotropa mycor-
rhizae. Plants supplied with their specific ectophyte
survived and increased rapidly in size, while all others
perished.

In these cultures a wide variety of microorganisms was
present, but the specific mycorrhizal fungus of Monotropa
alone was capable of influencing growth of the vascular
plant. This, in the writer’s opinion, is the factor in
Francke’s experiments which render them more signifi-
cant than those of previous workers. The stimulated
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growth of inoculated plants on synthetic nutrients in pure
culture has rarely, if ever, been shown to result from a
specific exchange of nutrients between fungus and host as
the result of the establishment of mycorrhizae. Rather,
such growth can almost invariably be attributed to the
effect of mycorrhizal fungi on the substrate, that is, re-
duction of complex chemicals, which presumably cannot
be utilized by higher plants, to simpler utilizable forms.
The inability of a multitude of microdrganisms in
Francke’s cultures to promote the growth of Monotropa
in this manner excludes the possibility that the specific
mycorrhizal fungus stimulated growth in this way rather
than through the mechanics of direct symbiotic exchange
of nutrients with the seedlings. The cytological evidence
of digestion of hyphae by host cells of the culture seed-
lings (Francke, 1934) renders this conclusion doubly
secure. In specimens of Monotropa which are grown in
humus soils all root surfaces are isolated from the soils
by becoming mycorrhizal. The fact that the plants ob-
tain all of their nutrients from the fungus is therefore
singularly obvious.

Probably the most thorough attempt to relate the
mycorrhizal development of tree seedlings to the avail-
ability of nitrogen in humus soils was that of Hesselman
(1927) and Melin (1927). Since the pot culture experi-
ments reported in the present paper were originally
modeled after the experiments of these investigators,
their methods and specific results are given in detail.

Seedlings of pine and spruce were grown by Hesselman
in pot cultures of sand-mixed humus collected from vari-
ous Swedish forests. The environmental conditions were
uniform for all plants, so that soil differences alone were
reflected in the results. The availability of nitrogen in
the form of nitrates and ammonium salts was determined
by storage of soil samples in flasks under optimum
moisture and temperature conditions for three months
followed by chemical analyses (Hesselman, 1927). Seed-
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ling growth was measured by the number and length of
needles and by shoot lengths. At the time of harvesting
Melin (1927) examined all root systems and preserved
two or three typical seedlings from each treatment for
detailed morphological and anatomical study. Addi-
tional pieces of roots bearing representative samples of
all types of mycorrhizae were fixed, embedded, and sec-
tioned for cytological details. Some of the results of this
cooperative study are assembled in Table IT.

The relation of N-mobilization of the soils to the
per cent of short-roots converted to mycorrhizae is
striking (Text Fig. 11). An increase of growth with in-
crease in N-mobilization was found by Hesselman.
These results are in agreement with those of Miiller and
Weiss (1907) and apparently are contradictory to the
nitrogen theory of Frank (1894) and to Melin’s earlier
conclusions (1917, 1925).

Thus, of the several investigators who have used soil
culture methods for elucidating the character of the ecto-
trophic mycorrhizal relationship, none has demonstrated
that the specific role of mycorrhizae is the utilization or
absorption of complex organic nitrogen. In fact, certain
of the experiments definitely indicate that conservation
of nitrogen is not the specific réle of these organs. In the
following account of the writer’s experiments the nitro-
gen question is the first to be thoroughly tested. There-
after attention is directed to other possibilities.

INVESTIGATIONS

STUDIES WITH RAW HUMUS SOILS FROM SWEDEN

Growth studies of the type pursued by Hesselman
(1927) were initiated by Dr. P. R. Gast in 1930 at the
Royal Institute of Experimental Forestry, Sweden. The
experiments provided an excellent opportunity for study-
ing the mycorrhizal relationships of pine seedlings and
the writer gladly accepted the invitation of Dr. Gast to



TABLE II

COMPARATIVE DaTA ON GROWTH OF PINE SEEDLINGS, NUMBERS OF MYCORRHIZAE AND NITROGEN MOBILIZATION
Rates or Humus SorLs FrROM FoUrR SWEDISH FORESTS

(Assembled from Melin, 1927 and Hesselman, 1927)

Nitrogen mobili- |

zation of humus Awverage Number Mycorrhizal Total
Treatment . mg. per kg. shoot root Length short-roots No.
Humus Humus growth systems of long- short- SR 2
sample plus Nitrate Total m Cm. examined 7r00ts No. \ % roots LR
Distilled | 197 | 210 4.00 2 434 40 15 259 60
water
I
Humus 9.1 | 194 445 3 542 65 24 293 54
extract
Distilled | 4771 | 517 5.38 2 317 82 | 33 244 77
I water
Humus 41.1 | 461 6.20 2 328 85 46 187 57
extract
Distilled | 565 | 688 | 573 | 2 293 68 | 42 144 49
I water
Humus 317 | 396 5.15 3 430 91 | 47 197 46
extract
Distilled | 1537 | 1278 | 1028 3 1383 | 454 | 96 472 34
water
v H
AU 106.8 | 120.6 11.56 2 1002 485 99 488 49
extract

1 As listed by Hesselman, 1927, p. 345. 2 SR short-roots, LR long-roots.
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use this material. Codperative studies have been con-
tinued in subsequent years with Dr. Gast at the Harvard
Forest and with Mr. H. L. Mitchell at the Black Rock
Forest. The specific objectives of the writer’s part of
these seedling studies have been to determine the influ-
ence on mycorrhizal development of the following vari-
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0 | | | | | |
Mg 20 40 60 80 100 120

N per kg of soil

TexT Fic. 11. RELATION BETWEEN NITROGEN MADE AVAILABLE BY
MOBILIZATION IN SWEDISH RAW HUMUS SOILS AND THE PER CENT OF
SHORT-ROOTS CONVERTED TO MYCORRHIZAE.

(Based on short-root counts of 158 seedlings grown in 9 different soils).

ables: (1) different nitrogen mobilization rates in soils,
(2) different radiation intensities and qualities, (3) arti-
ficial and natural variations in the availabilities of the
mineral salts of soils. ‘

In 1930 seedlings of Pinus sylvestris arising from
seeds of known weights were grown by Gast in pot cul-
tures of sand-mixed humus collected from four forests of
Sweden. Two of the soils were collected from an over-
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mature, slow-growing spruce stand in the Kulbacksliden
Experimental Forest in northern Sweden. They differed
in that one—the Severely Burnt Bad Raw Humus—was
collected from a clear-cut and severely burnt area [broad-
cast burning is regularly employed in this forest as a
silvicultural measure for facilitating reforestation (Hes-
selman, 1917)] while the other—the Bad Raw Humus—
was collected from an adjoining undisturbed part of the
stand. The soil sample designated Good Raw Humus
was collected on Brianda Holmen, a small island in a large
bog (in the same experimental forest) which supported a
rapidly growing mixed stand of spruce, pine, and birch,
The fourth soil was a humus of excellent quality from
Jonaker, called Inoculation Soil by Hesselman (1927).
These soils, the stands from which they were collected,
and the arrangement and growth results of the experi-
ments are fully described by Gast (1937). All root sys-
tems were examined by the writer at the time of
harvesting; and for a representative number of plants
from each treatment the number and kinds of short-roots
were counted. One average seedling from each treatment
was fixed for detailed anatomical study.

In general, the results (Table III) confirm those of
Melin and Hesselman. Seedling growth (with one ex-
ception), nitrogen mobilization, and mycorrhizal develop-
ment were all related in a parallel direction; that is, with
increase in nitrogen mobilization of the soil, the number
of mycorrhizae and the growth of seedlings also in-
creased. The tendency for the percentage of the short-
roots converted to mycorrhizae to increase with increase
in nitrogen mobilization is shown in Fig. 11. In contrast
to the results of Melin and Hesselman, as shown in the
same figure, this increase was pronounced chiefly in the
lower range of nitrogen availability.

The exception to this parallel relationship oceurred in
the Severely Burnt Bad Raw Humus. In this soil mycor-
rhizae were well developed (an average of 83 per cent of



70 PHYSICAL BASIS OF MYCOTROPHY

all roots in comparison with 34 per cent in the unburnt
soil were mycorrhizal). Nitrogen mobilization was also
comparatively large but growth was not correspondingly
high (Table III). At the time that these results were
first examined it was concluded that some other element
besides nitrogen was available in such small quantities
that the growth of these seedlings was limited. KEventu-
ally, however, it was found that, although potassium was
somewhat low, the nitrogen content of the seedlings was
proportionately even lower. The low growth is now
attributed to a low internal content of nitrogen by Gast
(1937). Just why absorption was markedly less than
should have been expected from the supply in the soil is
unknown.

With respect to radiation intensity, no consistently
marked changes in the percentage of short-roots con-
verted to mycorrhizae were discovered. Their number
and development, however, in common with the total
number of short-roots and with the extensiveness of the
whole root system, was greatly reduced in the low radia-
tion intensities. At 4 per cent radiation short-roots were
wholly absent. This series of seedlings is not included in
the data presented in this paper but it is fully deseribed
by Gast (1937).

Briefly, these experiments confirm for the fourth time
(see Moller, 1902, 1903, 1908; Miiller, 1907 ; Melin, 1927)
the probability that ectotrophic mycorrhizae are not con-
cerned primarily with the utilization of the organic nitro-
gen of humus. The possibility that they may be related to
mineral salt deficiencies, as postulated by Stahl (1900),
was suggested by abundant mycorrhizae but low weights
of seedlings grown in the Severely Burnt Bad Raw
Humus (see Table ITI). The following year at the Har-
vard Forest this possibility was examined using seedlings
raised in humus with and without additions of mineral
salts.



TABLE III

GrowTH, As MEasURED BY Dry WricHTS AND N, K AxD P CoNTENTS, AND THE NUMBERS AND PER CENT OF SHORT-
ROOT': CONVERTED TO MYCORRHIZAE ON T HREE-MONTEH SEEDLlNGS or P. sylvestris GROWN IN Raw
Humus SoiLs oF SwEDEN UNDER FOUR RADIATION INTENSITIES

(Data except that on mycorrhizae, from Gast, 1937)

Muycorrhizal data

‘ Shoot
Seedl. Per cent contents root No. No. No. mye. Per cent
dry wts. seed - short - short-roots myc. per
Soul * mg. N I P I K ratio lings r00ts per seedl. seedl.
11 per cent radiation
Bad raw humus. ........ 13.7 1.57 4.2 5 83 29 35
Sev. burnt b. r. h.. .. .. .. 16.1 2.01 4.3 12 102 79 7l
Mixture2 .............. 10.8 2.36 6.2 4 54 47 88
Inoculation soil ........ 19.0 2.36 58 5 70 38 55
Good raw humus ..... .. 18.4 2.68 o . 5.7 13 3 47 64
22 per cent radiation
Bad raw humus. ... ... .. 214 1.12 0.34 2.0 5 195 68 35
Sev. burnt b. r. h........ 29.6 2.16 0.36 2.3 5 195 165 S4
Mixture ............... 272 2.01 . 22 3 192 151 78
Inoculation soil ........ 482 2:H2 2.7 5 203 258 S8
Good raw humus . ... .. 36.4 2.89 0 34 3.5 7 196 163 S3
27 per cent radiation (Infra—red removed)
Bad raw humus. ........ 26.6 0.97 o 0.97 1.5 10 233 | 654 27
Sev. burnt b. r. h...... .. 36.2 2.28 L 1.12 17 5 264 221 S4
Mixture ............. . 38.0 2.24 2.0 3 243 186 76
Inoculation soil ........ 48.5 2 54 o o 2.1 9 323 203 91
Good raw humus . ... .. 50.7 3.28 o 1.53 2:5 5 377 305 S1
50 per cent radiation
Bad raw humus. .. ... ... 29.9 1.12 0.32 : 14 6 290 110 38
Sev. burnt b. r. h.. .. .. .. 42 4 247 0.34 1.8 10 377 326 86
Mixture :u:ossssssvars 33.5 2.15 o 19 3 231 173 82
Inoculation soil ....... . 54 .8 1.96 o L 14 6 584 513 88
Good raw humus . ... . 85.6 293 0.30 . 3.4 10 406 256 63

1 N mobilization rates in mg. per kg. soil = 1.3 in bad raw humus, 46.2 in severely burnt bad raw humus, 46.3 in mixture, 49.6
in inoculation soil, and 754 in good raw humus.
2 Mixture "5/6 inoculation soil and 1/6 bad raw humus.
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Harvarp Forest Experivexts, 1931

Scots pine seedlings were grown in humus collected
from a mature stand of P. Strobus L. in the Harvard
Forest. Kxcept for nitrogen a balanced mineral solution
(Gast, 1937) was added to half of the pots of seedlings.

The large number of seedlings in these experiments
(711) made counting of the individual short-roots on each
seedling impossible. A single seedling may have many
hundred short-roots. Therefore, the number and kinds
of short-roots were estimated as a percentage of the
whole for each seedling. Data for the various treatments
are assembled in Table IV.

TABLE IV

THaE PER CENT OF SHORT-R00TS CONVERTED INTO MYCORRHIZAE
ON SEEDLINGS OF P. sylvestris GRowN IN HuMUS FROM THE
HarvArRD ForeEsT UNDER VARIED NUTRIENT AVAILABIL-
ITIES AND RADIATION INTENSITIES

15 (2) 55
' Per cent Per cent Av. all
Soil (Radiation 24 48 (Infra red 85 treat-
Treatment not Per cent | Per cent | removed) Per cent | ments

determined)

No. No. No. No. No.

Seed-| % |Seed-| % |Seed-| % |Seed-| % |Seed-| % o

lings | myec. | lings {mye. | lings|myec. | lings |myec. | lings |myec.| mye.
None s:wuss 58 | 38 11220 (11438 | 86 |76 (11320 | 38
Complete 56 | 11 |55 |1 |49 |3 |19 17|49 14| 9

nut.—N . ...

While the abundance of mycorrhizae on these seedlings
was much less than in the relatively infertile Swedish
soils, two results were outstanding: (1) addition of min-
eral salts in a balanced solution to soil cultures markedly
depressed mycorrhizal production, and (2) differences in
radiation intensity had no consistent effect on the forma-
tion of mycorrhizae except when infra-red was removed.

These results warranted the conclusion that mineral
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salts do have a profound influence on the development of
mycorrhizae. The next step was to determine which
elements are capable of influencing these organs; this
was done in the Black Rock Forest experiments.

Brack Rock Forest ExperiMmexTs, 1932

Seedlings of Pinus Strobus L., grown from seeds of
known weights, as in the experiments with P. sylvestris
described above, were raised in pot cultures of sand-
mixed mineral soils from four localities in the Black
Rock Forest. The soils were all collected from one slope;
their designations as Ridge, Mid-Slope (good), Mid-
Slope (poor), and Cove indicate their relative positions
on this slope (and also the rates of tree growth in the
mid-slope soils). On the basis of the growth of deciduous
trees on the respective sites (Tryon, 1930), differences in
soil fertility were suspected. Moisture relations were
most favorable in the Cove. In the pot culture experi-
ments moisture was uniform in all soils. It was found
(Mitchell, 1934) that all soils were deficient in phos-
phorus (relatively insignificantly so in the Cove), and
that the Ridge soil was low in nitrogen also. The Cove
soil was especially rich in nitrogen.

In addition to this natural range of fertility, the avail-
abilities of four elements—nitrogen, phosphorous, potas-
sium, and calcium—were varied by additions of nutrient
solutions. The so-called ‘‘basic nutrient’’ contained all
of these elements, together with magnesium, sulphur, and
iron. In one treatment (4 N,) an extra amount of
nitrogen was added, while in another (— N) nitrogen
was omitted. In three other treatments (— N —P, —N
— K, and — N — (Ca) these elements were omitted re-
spectively from the basic nutrient. Only distilled water
was added to those pots in which natural soil fertility
was tested. The quantities of nutrients added in all cases
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ent treatments in three soils—Ridge, Mid-Slope (good),
and Cove—are presented in graphical form in Text Fig.
12. Complete data on mycorrhizal points, percentage of
short-roots converted to mycorrhizae, dry weights, and
nitrogen contents are assembled for all four soils in
Table VI. Silhouette photographs of the root systems of
average seedlings from each treatment are shown in
Plate II. Fnlargements of fairly representative long-

DIST WATER
BASIC (NUTRIENT) +N
BASIC

COVE

DIST WATER
BASIC +N
BASIC

MID-SLOPE

DIST WATER
BASIC +N
BASIC

-N
I -
-N -K

B v -c

/00 200 J00
MYCORRHIZAL POINTS

Tegxt Fre. 12. RELATION OF NITROGEN ADDITIONS IN
SOILS OF THE BLACK ROCK FOREST TO MYCQRRHIZAL
DEVELOPMENT.

RIDGE




TABLE VI

Dry WgrieHTS, NITROGEN CONTENTS, MYCORRHIZAL PERCENTAGES, MYCORRHIZAL PoOINTS, AND CORRELATION
CorErrICIENTS BETWEEN DRy WEIGHTS AND MYCORRHIZAL DEVELOPMENTS oF P. Strobus SEEDLINGS
GrownN 1IN Brack Rock Forest SoiLs wiTH VARIED NUTRIENT TREATMENTS

(Dry weights and N contents from Mitchell, 1934)

Per cent of
short-roots Mycorrhizal Per cent
mycorrhizal Cor. coef. points Cor. coef. Ave. dry nitrogen
Dry Wts. & - Dry Wts. & weights in seed -
Treatment | S.E.M. Yo mycor. I S.E.M. Myc. points m omg. lings
Cove Soil
sk wosdor .. « 43 5.2 411% 70 11.85 | 331 241 1.65
33 4.0 -.281 53 8.78 -.370 227 1.70
Basic Bl - oo s ooss s i 0.3 -.346 1 .. -.359 274 1.84
26 5.6 -434 36 9.50 -.244 281 1.90
Basic Ny ..oovvnoon 6 2.5 -174 § 3 {3 -.133 299 211
8 3.0 107 .. . 072 283 2.06
Basi—N 6 2.4 249 11 413 330 268 1.67
43 6.6 -.140 64 9.19 025 271 1.48
Basi—N-P 66 5.0 - 525% 97 8.00 ~.409 208 1.81
' 93 2.5 096 180 12.81 330 201 1.83
Basic N.K 95 1.9 . 182 7.32 - 286 1.61
50 7.5 —.094 58 1141 -.008 276 1.77
Basic—N-Ca ....... 87 22 308 144 8.30 149 286 1.38



TABLE VI—(Continued)

Mid-Slope Soil (good)

Dist. ‘watss 92 1.6 ~.299 193 14.10 -.095 226 1.23
Lo 88 3.9 -.158 152 144 .080 229 1.29
Bahe wh 8 3.2 -.285 9 | 317 -.086 265 1.79
25 49 -135 38 8.53 -.005 292 1.67

Basic Ny ... oooo... 29 4.0 -.098 40 798 .003 304 1.78
T 92 3.1 019 171 1.08 029 307 1.83

Basic—N ........... 2 - - ‘8 5 : - e >
18 3.5 -.050 24 6.15 —~ 70 271 1.22

Basic—N-P ... .. 94 3.1 -.329 149 897 ~1¥7 220 1.32
90 4.1 079 172 13.20 187 224 1.34

Basic—N-K ........ 94 2.2 .069 129 5.07 —.004 249 - 1.30
63 6.1 206 76 19.59 044 265 1.20

Badto Nl ... 47 5.1 098 66 8.99 082 254 1.08
39 5.3 -.029 49 7.58 -.034 257 1.08




TABLE VI—(Continued)

Dry Weicnts, NITROGEN CONTENTS, MYCORRHIZAL PERCENTAGES, MYCORRHIZAL POINTS, AND CORRELATION
CoOEFFICIENTS BETWEEN DRY WEIGHTS AND MYCORRHIZAL DEVELOPMENTS OF P. Strobus SEEDLINGS
GrowN IN Brack Rock Forest SoiLs WiTH VARIED NUTRIENT TREATMENTS

(Dry weights and N contents from Mitchell, 1934)

Per cent of
short-roots Mycorrhizal Per cent
mycorrhizal Cor. coef. points Cor. coef. Ave. dry nitrogen
Dry Wts. & Dry Wts. & welghts in seed -

Treatment ‘ ~ S.E.M. Yo mycor. ] S.E.M. myc. points omg. lings
Mid-Slope Soil (poor)
) 35 3.9 256 58 55 307 235 1.45
of, WEBEEE L iysa s e

Dist. water 31 2.9 - - N N 233 1.49
Bashe: sk 19 3.8 -.325 32 7.81 .366 241 1.71
' S 97 3.1 .. 216 7.29 543 302 1.72
Busa K 12 3.4 -.344 16 2.5b —-.256 265 1.56
T Smeam—_—— 11 2.8 -.033 11 .. -.029 292 1.85
eI 90 2.1 411 137 8.24 435 268 1.26
o 15 . - - . . 271 1.28
Basic—N-P 81 5.3 DH8GH* 147 16.36 .D34** 217 131
T 74 5.4 -.398% 112 14.97 196 230 1.32
Bagi—KK N 56 6.3 045 93 13.22 -.032 259 1.45
""" 87 - L .8 . . 269 1.34
Basto—NoO8 . oeees 55 5.5 -.635%* 64 8.64 —.489* 273 1.26
- 28 3.9 244 33 3.93 446% 269 1.44




TABLE VI—(Continued)

Ridge Soil

Dist. water . ..:ccess 95 s . 210 * - 228 1.20
100 .. .. 219 .. .. 226 1.11

Basiec nut. ....... ... 90 e o 190 s . 231 141
95 . . 187 - . 238 141

Basie Ky oooongesna: 95 . . 205 .. - 263 1.55
90 . .. 156 .. . 264 1.56

Basic—N . .......... 93 5.7 ‘o 200 ;s - 211 1.09
99 .. - . .. . 227 1.08

Basic—N-P . ........ 95 .. . 237 .. s g 189 1.20
96 1.7 .. 305 . .. 221 1.13

Bagio—I-F . voeemes 93 1.9 .. 162 3 .. 228 1.09
85 1.2 : .. 112 . . 207 1.07

Basic—N-Ca ....... 90 .. . 218 .. . 246 1.21
95 .. .. 230 o .. 253 1.11

* Significant. *#+ Highly significant.



prate III. AVERAGE SHORT-ROOT DEVELOPMENT IN VARI-
OUS ENVIRONMENTS.

A-E. Grown in fertile Cove Soil, Black Rock Forest with following
treatments (x 2.5): A. No nutrients added; occasionally poorly de-
veloped mycorrhizae. B. Basic nutrient (Complete nutrient —N); no
mycorrhizae. C. Basic nutrient minus calcium; mycorrhizae well de-
veloped. D. Basic nutrient minus potassium; mycorrhizae well
developed. E. Basic nutrient minus phosphorous; mycorrhizae espe-
cially well developed. F. Non-mycorrhizal short-roots (that is, the pseudo-
mycorrhizae in the sense of Melin, 1917, 1927, but not of Rayner, 1934)
of Pinus sylvestris grown in sand showing the minute white non-
suberized absorbing tips (x 6). G. Dichotomous branching of un-
infected short-roots of Pinus teeda when grown in pure culture with
nucleic weid as source of nitrogen (descriptions on pp. 118, 187 %25k
H. Mycorrhizal short-roots of Pinus sylvestris showing increase in
their lengths and dichotomous hranching with age. The short-roots at
the left end of the photograph are about 2 months old while those at
the right have just emerged from the mother long-root.

Photo (H) by Professor E. Melin and the writer.
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roots on seedlings in the Cove soil which illustrate their
mycorrhizal equipment are shown in Plate I1I.

The relation of nitrogen availability to the develop-
ment of mycorrhizae in the Ridge, Mid-Slope (good), and
Cove soils are plotted in Text Figs. 14, a and b. ‘With but
one exception [Mid-Slope (good) soil, Text Fig. 14, b]
these curves show the exact opposite relationship be-
tween nitrogen availability and mycorrhizal production
from that reported by Moller (1902-1903), Miiller and

250
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TexT Frg. 14, a. RELATION OF NITROGEN AVAILABILITY TO
MYCORRHIZAL DEVELOPMENT IN THE BLACK ROCK FOREST
SOILS.

(Xitrogen availabilities from Mitchell, 1934, Table 16; myecorrhizal
points from cultures receiving distilled water only ).
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Weiss (1907), Melin (1927) and by the writer (for Swed-
ish soils, Text Fig. 11). This reduction of mycorrhizae
with increased availability of inorganic nitrogen was pre-
dicted by the nitrogen theory of Frank, Melin, and others.
However, that nitrogen is not the sole or even the chief
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Tegxt F1g. 14, b. RELATION OF NITROGEXN ADDITIONS IN THREE
BLACK ROCK FOREST SOILS TO THE DEVELOPMENT OF
MYCORRHIZAE.

element influencing mycorrhizal formation in these ex-
periments 1is demonstrated by the one exception to the
rule, namely, the abundant development of mycorrhizae
(Text Fig. 14, b) in the Mid-Slope (good) soil with very
large supplies of inorganic nitrogen.

«Poverty’’ in mineral salts and in phosphorous, as
anticipated by the Harvard Forest experiments, proved
to be the chief factors responsible for variations in the
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production and development of mycorrhizae. The addi-
tion of a mineral salt solution, lacking nitrogen, to the
three soils (Text Fig. 12) was followed by reduction in
the development of mycorrhizae in every case. With
omission of any one of the three elements, phosphorous,
potassium, or caleium from this solution the root systems
became profusely mycorrhizal. The magnitude of these
changes in the three soils is represented by the portions
of the columns to the right of the white lines in Fig. 12.
On the basis of seedling growth in these experiments
Mitchell (1934) determined that all Black Rock Forest
soils are deficient in phosphorous. Mycorrhizae were
especially numerous and well developed in all soils when
this element was omitted from the basic nutrient. If is
notable that in the relatively fertile Cove soil, which pos-
sessed few mycorrhizae in the untreated pots and even
less with addition of a balanced salt solution (either with
or without nitrogen), mycorrhizae were profusely devel-
oped when the nutrient environment was unbalanced by
omission of one of the three elements, phosphorous, po-
tassium, or calcium. This result rules out the possibility
that the effect of the nutrient additions was to injure or
to retard the growth of the mycorrhizal fungi. It also
shows that even in fertile soils mycorrhizae appear, but
in response to lack of balance rather than to actual pov-
erty in mineral salts.

Thus individual deficiencies in phosphorous, potas-
sium, calcium, and to some extent nitrogen, or lack of
balance in the availabilities of these elements, gave rise
in these experiments to the conversion of short-roots to
mycorrhizae. The generality of these relationships is
shown not only by the results obtained with artificial
changes in fertility brought about by nutrient additions,
but also by those obtained with natural differences in fer-
tility as exemplified by (1) the profuse development of
mycorrhizae in the infertile Ridge soil, (2) weak develop-
ment in the fertile Cove soil, and (3) intermediate de-
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velopment in the Mid-Slope (good) soil of intermediate
fertility.

The results obtained in the Mid-Slope (poor) soil con-
stitute an exception to those just examined. However,
the exclusion from the above tables and graphs of results
obtained in this soil is supported by other considerations.
By accident this soil was thoroughly air dried before it
was mixed with sand for potting. It is well known that
drying serves as an agent for the partial sterilization of
soil (Waksman, 1932, p. 363). Partial sterilization in-
creases the availability of all nutrient elements. Al-
though the Mid-Slope (poor) soil, as its name implies,
was collected from a slow-growing stand on the mid-
slope, the pot culture tests place it well above the Mid-
Slope (good) soil in fertility. Partial sterilization also
influenced the development of mycorrhizae by killing
most of the mycorrhizal fungi of the soil. It was found
that nearly 95 per cent of all mycorrhizal short-roots in
this soil (in the pot cultures) were produced by mycelium
of the M. r. migrostrigosum type (Plate IV). The pres-
ence of this fungus in abnormally large proportions is
attributed to its ability to produce gemmae and bulbils
and to its thickened cell walls (Hatch, 1934, C). These
characteristics render M. r. migrostrigosum unique
among mycorrhizal fungi in its ability to resist desiceca-
tion. The mycorrhizal and growth data for seedlings in
this soil series, together with those from all other soils,
are included in Table VI. This soil was not used again in
subsequent experiments.

Brack Rock Forest ExperiMexTs, 1933

For confirming and extending the 1932 experiments a
second series of pot cultures with the Ridge, Mid-Slope
(good), and Cove soils was set up in the summer of 1933
in collaboration with Mitchell. Glazed pots rather than
porous pots were employed because it was noticed in



Prate IV. APPEARANCE AND STRUCTURE OF MYCORRHIZAE

PRODUCED BY MYCELIUM OF THE M. R. NIGROSTRIGOSUM

TYPE CHARACTERISTIC OF 95 PER CENT OF ALL MYCOR-

RHIZAE IN THE MID-SLOPE (POOR) SOIL AND OF ALL

MYCORRHIZAE IN THE 1933 BLACK ROCK FOREST EXPERI-
MENTS.

A. External view showing individual hyphae radiating from the mantle
(x 28). B. Tangential section showing character of the mantle and the
intercellular net of mycelium (x 262).
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1932 that evaporation from the porous surfaces tended to
remove salts from the contained substrate. Since phos-
phorous was found to be deficient in the Black Rock
Forest soils in 1932, the availability of this element was
varied through wide limits. At the time of harvesting all
plants were examined for mycorrhizae by the writer as in
the preceding year.

The results of these experiments were quite erratic.
Tn all treatments in the Mid-Slope soil, except those re-
ceiving no nutrient additions, mycorrhizae were almost
wholly absent. The few infected roots which did appear
were practically all of the M. r. migrostrigosum type
(Plate IV). In the Cove soil, only one pot yielded seed-
lings with mycorrhizae and this was one of three pots in
which phosphorous was omittted. In the Ridge soil, my-
corrhizae were fairly numerous in the — N and — K
treatments but absent in the — P treatment. Therefore,
while there was a tendency for mycorrhizae to become
more abundant in the less fertile Ridge soil, the regular-
ity with which they appeared and disappeared with
deficiencies of individual elements in 1932 was not con-
firmed. ,

The glazing material of these pots contained copper
and it was thought that leaching of this element, which is
toxiec to fungi, into the soil might in part explain the
results. The glaze was also of a very poor quality and
cracked profusely so that salts were leached from the
substrates in almost the same quantities as in the earlier
experiments with porous pots.

Two factors therefore required further investigation:
(1) the influence of the type of container on mycorrhizal
development, and (2) the relation of the availability of
an individual mineral salt (phosphorous) to the develop-
ment of mycorrhizae. The first of these was for checking
the 1933 experiments, the second for checking the specific-
ity of the mycorrhizal response which variation in an
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individual element (phosphorous) called forth in the
1932 experiments.

GREENHOUSE KxprrimenTs, 1934

Soil from the Mid-Slope (good) plot of the Black Rock
Forest was mixed with sand and potted in Cambridge two
days after collection at Cornwall. Germinated P. Stro-
bus seedlings (27 per pot) and one 3-months seedling of
P. msularis were planted the following day (April 12).
Four types of containers were employed : porous pots (as
in the 1932 experiments), green glazed pots (as in the
1933 experiments), asphalt-painted pots (a coating used
by Gast in 1931), and a special bottomless jug with
chemical-proof glaze of high quality, designed for sand-
nutrient culture studies by Ward (1935). Six containers
of each type were used and these were divided into two
groups, one receiving Mitchell’s basic nutrient minus
nitrogen, and the other receiving hasic nutrient minus
nitrogen and minus phosphorous.

Measurements of soil temperature in the four types of
containers early in April (on other material) had re-
vealed that during the warmest part of sunny days
glazed containers ran consistently higher temperatures
(5-10°C.) than the porous pots. Since the growth curve
of mycorrhizal fungi reaches a maximum at 25° (Melin,
1925) and decreases rapidly at temperatures above 30°,
the importance of maintaining moderate temperatures is
evident. It seemed probable that the higher tempera-
tures in the glazed pots may have contributed to the
erratic results of the 1933 experiments. This factor was
eliminated in the greenhouse experiments by installation
of an outside sprinkling system, by shading during the
middle of the day, and by packing sphagnum moss around
the containers and moistening frequently.

By August 11, seedlings grown in the bottomless jugs
were uniformly larger and greener than in all other con-
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tainers. Those receiving phosphorous in the asphalt-
painted pots came second with respect to vigor. The new
needles on all plants except those in the bottomless jugs
were yellowish green. Nutrients were added to all con-
tainers as follows: |

Minus P Series

Kl csmsmsmsnan 0.11 grams
MeSO,»TH.O ....065 ¥
CaCl,-2H.O ...... 018 ”
NH,NO, .......... 020
Clomplete Nut. Series
KEHPOy senzniniss 0.20 grams
MgSO,-7TH,0 ....065 7
Oalle 2H D sicws=Dd8 2
P.Os, o 0.30
NHNO; .......... 020

The seedlings were harvested in part between Septem-
ber 13 and 26, and the remainder on November 26 and 27.
Myecorrhizal points were estimated for each seedling in-
dividually and the total wet weights of white pine and
benguet pine (P. insularis) per pot were determined.
The results are assembled in Table VII.

TABLE VII

RELATION OF TyYPE OF CONTAINER AND NUTRIENT TREATMENT TO
MYCORRHIZAL DEVELOPMENT AND WET WEIGHTS OF
P. Strobus SEEDLINGS

(Greenhouse experiments, 1934)

Type of Basic nut.
container Basic nut. -P
Wet Wt. Wet Wt.
per seed - Muyec. per seed- Muyc.
ling points ling points
Porous pots .......... 15 143 1.5 311
Green glazed ...... ... 1.7 171 1.7 330
Asphalt paint ........ 1.8 138 1.3 459
Bottomless Jugs ...... 1.9 127 1.9 198
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These results confirm the specificity of the relationship
found in the 1932 experiments between the availability of
an individual element (phosphorous) and the develop-
ment of mycorrhizae. They show that the character of
the green-glaze in the 1933 experiments was not the cause
of the erratic results of those experiments. Rather it
appears that high temperatures and some other unknown
factor inhibited the production of mycorrhizae in 1933.
The experiments do show that the type of container has a
profound influence on the availability of mineral salts, as
evidenced by lower seedling weights and by greater num-
bers of mycorrhizae in porous containers. Growth was
greater in the chemical-proof glazed jugs than in any
other type of container and mycorrhizal development was
less profuse (Fig. 15).
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TexT F1¢. 15. RELATION BETWEEN GROWTH AND MYCORRHIZAL
DEVELOPMENT IN SEEDLINGS RAISED IN MID-SLOPE (GOOD)
SOIL IN FOUR TYPES OF CONTAINERS.
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Fiser Por ExperiMENTS, 1934

In connection with a projected study of the influence of
different species of mycorrhizal fungi on seedling growth
following transplanting to different habitats in the field,
a suitable method for introducing the appropriate fungi
along with transplant seedlings is needed. For this pur-
pose the planting of seedlings contained in a small quan-
tity of soil, which in turn harbors the desired species of
mycorrhizal fungi, seems most promising. The remark-
able success obtained by Youden (unpublished until
1937) at the Boyce Thompson Institute in transplanting
tomato plants contained in a special fiber pot, suggested
the testing of such containers for this reforestation
study. While the experiments with this pot, or cartridge
(Plate V), were not pursued with the object of throwing
light on the relationship between soil fertility and my-
corrhizal abundance, they serve this purpose admirably
and for that reason are included here.

The nutrient content of the fiber material (made by the
Burt Co. Lt. who financed these experiments) was ad-
justed by Mr. Darrin (of the Mellen Institute for Indus-
trial Research) to approximately that found by Mitchell
(1934) to be optimum for growth of P. Strobus. The pH
of the cartridges was likewise adjusted to approximately
5.2, a favorable hydrogen ion concentration for this pine.
The fiber itself is a mnon-purified plant waste and the
nutrient adjustments were made by additions of other
natural plant wastes rich in organic nitrogen and by
additions of relatively insoluble (rock) sources of phos-
phorous and potassium. A large share of the nutrient
materials of the pot thus become available as the result
of the activities of microdrganisms only, and the cart-
ridges serve as a fertilizer in addition to their function
as containers.

Comparative growth studies of transplant-seedlings,
and of seedlings of similar age raised in these cartridges
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and transplanted intact to large boxes of soil, were pur-
sued in the Harvard University greenhouses in the
spring and early summer of 1934. The soil used was a
very infertile one from a stand of Pinus rigida. The
seedlings (P. Strobus) were transplanted to this soil
when one month old. After three months in the boxes
they were removed (Plate VI) and the wet weights of the

Prare V. SEEDLINGS OF P. STROBUS WITH HIGH

INTERNAL NUTRIENT CONCENTRATIONS (DUE TO

FIBER CARTRIDGE) SHOWING ABSENCE OF MYCOR-

RHIZAE ON ROOTS WHICH EXTENDED INTO
INFERTILE SOIL (X %).
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individual seedlings determined, the tops and roots being
weighed separately. These data and approximate figures
on short-root numbers and mycorrhizal development are
recorded in Table VIII.

Prate VI. GROWTH AND MYCORRHIZAL DEVELOPMENT OF 4-
MONTHS P. STROBUS SEEDLINGS RAISED IN AN INFERTILE FOREST
SOIL (A) WITH AND (B) WITHOUT FERTILIZER CARTILAGE.

The generality of the rule that mycorrhizae are pro-
duced under conditions of nutrient deficiency only,.1s
again confirmed by these results. As shown in Plate V,
even those roots which were far removed from the fiber
containers were quite free of mycorrhizae, a fact which
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supports the belief that internal concentrations of nutri-
ent elements control susceptibility to infection.

TABLE VIII

Tae INFLUENCE OF FERTILIZER FIBER CARTRIDGES ON WEeT
WEIGHTS, SHORT/ROOT RATIO, AND SHORT-ROOT DEVELOP-
MENT ON 4-MONTH TRANSPLANTS OF P. Strobus
GROWN IN AN INFERTILE FOREST SOIL
IN A GREENHOUSE

No. short-
700t8
No. Av. Shoot/ lopecrm.
seed - wet root long- Myc.
lings welght ratio 700t Points
Transplant seedl.| 126 0.773 2.37 50 150
Cartridge seedl. 104 1.347 | 1.83 18 1

DiscussioNn oF Sor. CuLTurRk KXPERIMENTS

RELATION BETWEEN MYCORRHIZAL DEVELOPMENT AND THE
NUTRIENT ENVIRONMENT OF SOILS

That the abundance and distribution of ectotrophic
mycorrhizae in trees are controlled by more factors than
the availability of nitrogen is apparently established by
these experiments. No evidence at all was obtained
which supports the current belief that ectotrophic my-
corrhizae are of significance chiefly in soils where nitro-
gen must be utilized in organic form. Instead, these
studies confirm for Pinus that mycorrhizae appear under
conditions of poverty in mineral salts, a relationship
which Stahl in 1900 regarded as the cause of the myco-
trophic habit throughout the entire plant kingdom.

In schematic and summarized form the relation of soil
fertility to the development of mycorrhizae as revealed
by these and the other experiments reviewed is plotted n
Fig. 16. Progress to the right along the abscissa repre-
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sents not only general increase in soil fertility but also
increase in the four elements, nitrogen, phosphorous, po-
tassium, and (or) caleium. The mineral soils studied by
Moller (1903) and the humus soils studied by Miiller and
Weiss (1907, excepting their pot cultures), by Melin
(1927), and by the writer in Sweden (p. 66), were all
relatively infertile. On this graph they fall in the region
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Increase in available P, K, Ca and (or) N
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TexrT Fr¢. 16. SCHEMATIC DIAGRAM TO ILLUSTRATE THE RELATION
BETWEEN THE DEVELOPMENT OF ECTOTROPHIC MYCORRHIZAE IN
NATURE AND (1) HABITAT, (2) NUTRIENT ENVIRONMENT.

where the curve of mycorrhizal development is ascend-
ing. In this region increase in nitrogen, by stimulating
the growth of mycorrhizal fungi, increases the number of
short-roots which become infected on one-year seedlings.
Conversely, the humus used in Méller’s experiments, and
in Miiller and Weiss’s pot cultures [since the potting of
soils incereases their fertility temporarily (Romell, 1934) ],
were rich in nutrients, as evidenced by excellent growth
of seedlings; and the soils along the banks of drainage
ditches where mineral-rich subsoil had been deposited, as
reported by Melin (1917), possessed an abundance of all
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elements rather than of nitrogen alone. Garden soils,
loamy soils, and agricultural soils, concerning which the
literature of mycorrhizae is replete with examples of
vigorously growing plants which lack mycorrhizae (R.
Hartig, 1886; Frank, 1888; Sarauw, 1893a; Peklo, 1908;
Nolle, 1910; Christolph, 1921; Francke, 1934; and many
others), are similarly rich in mineral salts. All of these
soils as well as those which the writer has investigated in
America fall within the region of this graph where the
curve of mycorrhizal abundance is descending. In this
region decrease in the development of mycorrhizae 18
prought about in some unknown way by high internal
(seedling) concentrations of nutrient elements, rather
than by changes in the growth rates of mycorrhizal fungi.
The diagram (Text Fig. 16) also illustrates the rela-
tionships between the availabilities of individual elements
and the development of mycorrhizae. The ascending
region of the curve was explored only for differences in
nitrogen availability. In this region an increase in nitro-
gen produced increases in mycorrhiza-development, pre-
sumably because extremely low nitrogen availabilities in
the soils limited fungal growth. The opposite effect,
namely, a decrease in the development of mycorrhizae
with increase in the individual availabilities of four
elements (phosphorous, potassium, calcium, and nitro-
gen), characterizes the descending region of the curve.

ReLATION BETWEEN MYCORRHIZAL DEVELOPMENT AND
Dry WrIcHTS AND NITROGEN CONTENTS OF SEEDLINGS

Despite the experimental demonstration of the exist-
ence of this clear-cut relationship between the nutrient
environment of soils and the development of mycor-
rhizae, the question of the réle of mycorrhizae in tree
nutrition is by no means settled. One may, for example,
regard the profuse production of mycorrhizae on seed-
lings growing in infertile soils as successful parasitism
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of these fungi on seedlings weakened hy malnutrition,
Indeed, the entire experimental work of the writer, if
analysed by the usual method of comparing mycorrhizal
developments in different soils with dry weights of seed-
lings indicates that a decrease in seedling weights 1s
usually accompanied by an increase in mycorrhizal de-
velopments (Text Figs. 15, 17, Tables ITI-VI). In other
words, it can be accurately stated that the most vigorous
and rapidly growing seedlings lacked mycorrhizae in
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these experiments. A similar relationship was long ago
recorded by Moller (1902-1903) for plants grown in the
several horizons of one raw humus soil. For this reason
Moller discarded the ““beneficial’’ view of mycorrhizae.
Still earlier, Henschel (1887) reported a similar relation-
ship to be true of spruce seedlings.

But in the writer’s experience it has been repeatedly
demonstrated that such differences in the abundance of
mycorrhizae are causally related to the nutrient contents
of the soils. The growth studies on the seedlings of these
experiments by Gast (1937) and Mitchell (1934) have
likewise proved that the differences in seedling growth
are the result, perhaps in all cases, of inadequate supplies
of one or more of the elements essential to growth. It
follows that comparisons of the weights and mycorrhizal
developments of seedlings raised in different nutrient
environments are incapable of yielding direct informa-
tion on whether mycorrhizae increase or decrease seed-
ling growth. The problem can be approached only by
comparing the growth and mycorrhizal developments of
seedlings raised in one nutrient environment.

In the writer’s experiments the collection of data on
the development of mycorrhizae on individual seedlings
was for the purpose of enabling the correlation of my-
corrhizal abundance with the individual weights and
nutrient contents of seedlings. By this means it was
possible to determine whether those seedlings in each pot
which were above the average in weight or in nutrient
content had greater or fewer numbers of mycorrhizae
and wvice versa. The ordinary correlation procedures
outlined by Wallace and Snedecor (1931) were employed.
A restricted correlation study was carried out between
the nitrogen contents of individual seedlings and their
mycorrhizal developments. A pot was chosen which had
yielded an r value of approximately .0 in the correla-
tions (see below) between dry weights and mycorrhizal
developments [— N — K treatment, Mid-Slope (poor)



98 PHYSICAL BASIS OF MYCOTROPHY

soil]. Fifteen seedlings were selected which differed
widely in their mycorrhizal developments. Determina-
tions of the nitrogen contents and percentages (on basis
of dry weights) were made by the micro-Kjedahl method
of Pregl (1930). A direct relationship (Fig. 18) was
found between the nitrogen percentages and mycorrhizal
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(nitrogen % = .00164 A X 1.31,
in which A = mye. points).

development, the value for r being .564 (significant).
While this result bears out the belief that mycorrhizae
facilitate nutrient absorption, in the writer’s opinion the
data are too few to be conclusive.

Dry weights of seedlings (expressed as a percentage of
the mean seedling of each pot) were also correlated both
with the percentage of short-roots converted to mycor-
rhizae and with mycorrhizal points. The results (values
of r) are included in Table VI. Of 36 pots of seedlings
in the 1932 experiments which were analyzed for correla-
tion (Table VI) 5 yielded significant or highly significant
values of r when correlation of dry weights was with
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mycorrhizal points, and 6 when correlation was with
mycorrhizal percentages. These were approximately
evenly divided between positive and negative values of r.
In one case, the — N — P treatment in the Mid-Slope
(poor) soil, signiﬁcant negative and positive values were
obtained in check pots. The fact that ‘‘significant’’
values of r in these experiments were fortuitous is obvi-
ous. The data appear to signify that increase in mycor-
rhizal numbers has no influence on seedling dry weights.

‘While this result excludes the possibility that mycor-
rhizae were injurious, a prediction as to their possible
beneficial role is not justified. The possibility that growth
was inereased by mycorrhizae in these experiments, but
that this fact was not revealed by correlation analyses, is
great. Internal concentrations of nutrient elements ap-
parently determine whether mycorrhizae will or will not
be formed. It follows that immediately after germina-
tion seedlings which for one reason or another contain
low internal concentrations of elements, and which are
therefore small, may tend to produce mycorrhizae more
abundantly than larger seedlings with higher nutrient
contents. But if mycorrhizae increase nutrient absorp-
tion (that is, are more efficient than unaided roots) the
mycorrhizal seedlings, although at first small, may soon
overtake the seedlings which initially were larger, but
which produced few mycorrhizae. At the end of one
season relatively uniform seedlings would be obtained
and correlation studies would yield values approaching
zero (the result obtained).

From a purely theoretical viewpoint, therefore, it may
be predicted that experiments carried out in soils where
mycorrhizal fungi are uniformly present can never yueld
a conclusive answer to the mycorrhizal question. Soils
normally lacking mycorrhizal fungi, such as those in
Australia, Rhodesia, or the Philippine Islands, where it
is possible to vary the mycorrhizal development of seed-
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lings by inoculating with pure cultures of mycorrhizal
fungi, should alone be fruitful for this purpose.

INOCULATION OF SEEDLINGS RAISED IN PRAIRIE SOIL WITH
Pure CurLtures oF MycorrHIZAL FUNGI

In the experiments recorded so far every effort to de-
termine whether or not mycorrhizae increase absorption,
and therefore the growth of seedlings, has failed. It was
just pointed out that any other outcome of experiments
pursued with soil possessing a uniform mycorrhizal in-
oculum could not be expected. The need is for a natural
or artificial substrate which normally lacks mycorrhizal
fungi and into which these fungi may be introduced as
pure cultures. Prairie soils, because of the normal ab-
sence of trees, seemed most likely to be free of the
mycorrhizal fungi of pine. These fungi have been shown
to be absent in several such soils by Kessell (1926), Anon.
(1931), Oliveros (1932), and Roeloffs (1930) whose stud-
ies were reviewed in the Introduction. Soil was there-
fore imported from near Cheyenne, Wyoming for growth
studies on pine with and without inoculation with pure
cultures of mycorrhizal fungi. The details of the experi-
ment are published elsewhere (Hatch, 1936) and only the
results will be introduced here. They are assembled in
Table IX, Plate VII, and Text Fig. 19.

Although these data are not as numerous as could be
desired they provide (especially when considered in con-
junction with the other information assembled in this
paper) a convincing picture of the utility of mycorrhizae
to forest trees. They demonstrate that the nutrient-
acquiring activities of both long-roots and non-mycor-
rhizal short-roots of pine seedlings, in this soil, were wn-
capable of bringing any significant quantities of mitrogen,
phosphorous, or potassium wnto the seedlings. The content
of nitrogen and phosphorous in the non-mycorrhizal seed-
lings is less than has ever been recorded for seedlings of



TABLE IX

Dry WeicuTs, Roor-sHoor RaTios, AND NITROGEN, PHOSPHORUS, AND Porasstum CONTENTS OF MYCORRHIZAL
AND NoON-MYCORRHIZAL WHITE PINE SEEDLINGS RAIsSED IN PRAIRIE Sorn, INCLUDING COMPARISONS
Wite Lowkst PErcENTAGES oF N, P, axp K Hirmrrro Recorpep ror Tais Pine N Sorns
AND IN NUTRIENT SAND-CULTURES

J— Nitrogen Phosphorus Potassium
Av. dry w_eights sll?;qt_ my. per % of mg. per Y% of my. per Y% of

Pot No of seedl. in mg. ratio seedl. dry wt. seedl. dry wt. seedl. dry wt.

| S T T ¥ Ty —— 360.7 = 8.7* 1.024 2.51 695 268 0742 1.94 539

D2 (IOC.) ©ovevvmcsemneems s 428.5 + 19.2 9176 3.01 .703 .566 1320 1.93 450

S (OC) smasgessonmnssmwoss o 4484 += 99 672 5.39 1.202 849 1893 | 3.47 775

4 (Inoec.) ... 3609 = 438 892 4.62 1.280 729 2021 2.57 713

SN E EEEEOERE A0 s s 300.0 = 7.0 1.365 3.16 1.056 229 0762 1.04 347

B v xsmn s mmnn e s BB 3014 = 48 1.024 240 795 211 0700 1.17 390
Averages mycorrhizal seedl.,

poe 3. 4 . i.snispmpsmmuanmss 404.6 782 5.00 1241 789 1957  3.02 144
Averages non-mycorrhizal

gseedl, pots 1, 5,6 .....c0000n 320.7 1.138 2.69 849 236 0735 1.38 425
Lowest values hitherto recorded for 3-months white pine seedlings

grown in any soil® . ... 1.081 0825 335

Per cent of N and P in 3-months white pine seedlings grown in nutrient None

sand-cultures in which these elements were individually omitted; all avail-

athicr slements being oplimal® .. i voisvmornmairsn ovanmrremszome 720 1040 able

1 Standard error of mean.

2In pot 2 mycorrhiazae were produced early in the season but at the time of pulling all were dead as evidenced by complete
suberization of cortex. The values for seedlings in this pot are intermediate and they are excluded from the averages.

3N and P values from seedlings grown in Ridge soil, Black Rock Forest, Mitchell (13, Table 7; P values not reported); K
values from seedlings grown in very infertile soil (Mitchell, unpublished).

4 Described (Mitchell, 13, Tables 3, 4 and 14) but, except for N values, unpublished results of Mitchell.
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pine grown under any soil conditions! The phosphorous
content was even less than that of seedlings grown in the
complete absence of phosphorous in nutrient sand cul-
ture! (A more convincing picture of seedling starvation
would be difficult to find.) The less spectacular situation
with regard to potassium is probably because this
element is available in the soil solution in considerable
quantities in prairie soils. \Ivcorrhlzal seedlings, in
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Text Fig. 19. COMPARISONS BETWEEN MYCHORRIZAL (BLACK

COLUMNS) AND NON-MYCORRHIZAL SEEDLINGS RAISED IN

PRAIRIE SOIL IN RESPECT TO DRY WEIGHTS, AND PERCENT-

AGE CONTENTS OF NITROGEN (N), POTASSIUM (K), AND
PHOSPHOROUS (P).

contrast to those which were uninoculated, possessed
normal quantities of these three elements. The seedlings
in pot 2 (excluded from averages) on which the mycor-
rhizae died before the end of the experiment, possessed
intermediate quantities of absorbed nutrients.

Two months after these data were first published the
fact that trees are incapable of growth in soils which lack
mycorrhizal fungi was confirmed by Young (1936) in
Australia. Pines inoculated with pure cultures of mycor-
rhizal fungi grew normally. All uninoculated seedlings
died!

In press simultaneously with this Bulletin is a paper
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by Mitchell, Finn and Rosendahl (1937) which provides
by far the most extensive and conclusive data yet ob-
tained on nutrient absorption by mycorrhizal and non-
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Prate VII. AVERAGE SEEDLINGS OF PINUS STROBUS RAISED IN
PRAIRIE SOIL.

A, inoculated with mycorrhizal fungi; B, uninoculated.

mycorrhizal seedlings. Seeds of pine and spruce were
planted in nursery beds in the spring of 1935 in a sub-
strate consisting of infertile clay and well decomposed
sawdust. Designed for checking under nursery condi-
tions the results obtained in his pot-culture studies
(Mitchell, 1934), the experiment included a fertilization
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series in which nitrogen, potassium, aund phosphorous
were independently varied. All beds except the checks,
with no nutrient additions, were inoculated with soil con-
taining mycorrhizal fungi.

The results confirm those reported in this paper. My-
corrhizae were well developed in the inoculated beds only
when one of the three elements phosphorus, potassium,
and nitrogen was deficient and they were lacking when all
nutrients were readily available. The mycorrhizal seed-
lings in the control beds (those receiving no fertilizer and
no artificial inoculation) grew poorly the first year. Harly
in their second season, however, certain groups of seed-
lings became markedly more vigorous than those through-
out the remainder of the control beds. They were found
to have acquired mycorrhizae (through natural agencies).
It was noticed that the seedlings toward the center of
these areas of more vigorous growth were progressively
larger than those near the margins and the margins were
extending.

Seedlings from the areas of vigorous growth (always
mycorrhizal) and from the remainder of the beds (non-
mycorrhizal) were sampled throughout the summer and
analysed for phosphorus, potassium and nitrogen. The
results are presented in Text Fig. 20. They conform to
those presented in this paper and in addition provide
clear-cut evidence that non-mycorrhizal seedlings were
not only incapable of absorbing any mineral salts but ac-
tually lost salts to the soil. The data are quantitative and
statistical examinations revealed that in all cases the
probability was greater than 1000 to 1 that the differences
found were significant.

Tt occurred to the present writer that Mitchell’s experi-
ment should provide an excellent opportunity for testing
the correctness of the assumptions of Burges (1936) and
Rayner (1934) that mycorrhizae benefit trees merely by
converting non-available soil materials into readily avail-
‘able nutrients. It was suggested, accordingly, that chem-
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ical analyses be made of the soil from around the roots of
the vigorous mycorrhizal seedlings and from around the
non-vigorous, non-mycorrhizal plants. It has been shown
elsewhere (Mitchell, 1934) that an increase in nutrient

NON-MYCORRHIZAL E MYCORRHIZAL I

150 + WHITE PINE

) d .1 E

ROOT WT. SHOOT WT. TOTAL WT MG N MG, P MG. K

300 RED SPRUCE
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I ROOT WT SHOOT WT, * TOTAL WT, MG. N MG. P MG, K

INFLUENCE OF INFECTION BY MYCORRHIZAL FUNGIL ON THE DE-

VELOPMENT AND NUTRIENT CONTENTS OF 2-YEAR PINE AND SPRUCE SEEDLINGS

GROWN IN NURSERY BEDS. GROWTH PERIOD REPRESENTED—T0 DAYS.

From Mitchell (1937).

absorption by pine seedlings is reflected by an increase in
available nutrients in the substrate. Analyses of the soil
in this case, however, revealed no differences in available
soil phosphorus, potassium, or nitrogen, despite large dif-
ferences in the seedling contents of these elements (Mit-
chell, et al, 1937) !

In my opinion the evidence is conclusive in showing (1)
that in all but fertile agricultural soils pine and other
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trees which form ectotrophic mycorrhizae are incapable
of existence without mycorrhizae, and (2) the utility of
mycorrhizae centers in the absorption of at least four and
probably all nutrient elements rather than nitrogen alone.

Although this series of soil culture experiments pro-
vides, by itself, a clear-cut picture of the utility of mycor-
rhizae to pine, it does not supply direct information on
the manner in which mycotrophy operates. Significant
indications of the actual mechanies of nutrient acquisi-
tion by mycorrhizae have been obtained in other experi-
ments which were pursued simultaneously. Among these
was a series of experiments on the utilization of organic
and inorganic materials by seedlings growing under pure
culture conditions.

Pure CurturE EXPERIMENTS

PREVIOUS STUDIES

PURE CULTURE STUDIES OF MYCOTROPHY IN TREES

Pure culture was first used in mycorrhizal studies by
Noel Bernard (1904) for initiating the germination of
orchid seeds. The more difficult task of culturing the
fungi producing ectotrophic mycorrhizae and of syn-
thesizing mycorrhizae on tree seedlings in pure culture
was attempted by Fuchs (1911) and later by Peklo
(1913). Success was first attained by Klias Melin in
1922.

Melin used Erlenmeyer flasks as culture chambers
and sterilized humus or sand to which were added nutri-
ent solutions, as the rooting media. He established the
identify of fungi producing ectotrophic mycorrhizae with
several species of trees (Melin, 1922, 1925). Similar
syntheses have been made by Hammarlund (1923),
Masui (1927), Hatch and Hatch (1933), and Doak (1935).

For physiological experiments on the organic nitrogen
theory Melin (1925) designed a double flask chamber,
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one flask of which contained surplus nutrients and the
other the sand substrate and seedlings. In these cham-
* bers, inoculated and uninoculated seedlings of Pinus syl-
vestris and Picea Abies were grown for three years with
various supplies of nitrogen. While uninoculated seedlings
utilized nucleic acid and peptone with difficulty, inocu-
lated plants exhibited no evidence of nitrogen starvation.
Unfortunately this result did not establish that mycor-
rhizal symbiosis is necessary or useful to trees, because
ammonium salts were liberated into the substrate by the
introduced fungi and these are readily utilized by trees
in the absence of symbiosis.

Other factors which affect unfavorably the accuracy of
experiments in the apparatus commonly employed in-
clude: (1) excessive humidities, which promote aerial
growth of fungi which in nature are confined to roots only
(Melin, 1925 ; Masui, 1927 ; Rayner, 1925, 1930; McArdle,
1932; Hatch and Hatch, 1933); (2) increased partial
pressures of carbon dioxide in inoculated cultures (Ben-
net-Clark, 1933, p. 200, has recorded CO, concentrations
of 25 per cent in cotton stoppered flasks containing
Aspergillus niger) produce increases in plant growth but
in a manner wholly unrelated to mycotrophy; (3) ac-
cumulation of products (in some cases toxic) of fungal
metabolism and of unabsorbed ions in substrates in which
the nutrients cannot be changed (Melin, 1925) ; (4) satu-
rated substrates, when fine quartz sand is employed in the
absence of aeration (Rayner, 1930; McArdle, 1932); (5)
low radiation intensities resulting in low rates of carbo-
hydrate synthesis.

It is generally believed that if mycorrhizae are bene-
ficial, they must be accessory mechanisms only, and by
most investigators they are thought to be concerned with
acquisition of nitrogen from infertile substrates. In the
closely allied field of nitrogen-fixing bacterial root-
nodules, it is known that these accessory organs are
produced under internal conditions of wide carbohy-
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drate/nitrogen ratio only (Fred and Wilson, 1934). The
necessity for maintaining rapid rates of carbohydrate syn-
thesis by incerasing partial pressures of CO,, by high
radiation intensities, or by both, is therefore evident. To
be conclusive the data should also be quantitative and
this involves the growing of large numbers of plants—a
task of large proportions in ordinary chambers (Me-
Ardle, 1932).

Despite these abnormalities of isolated environments,
pure culture offers one of the best means for attacking
the mycorrhizal problem. In the past it has yielded sig-
nificant information. For continued usefulness, how-
ever, fundamental improvements in the technique of the
method are essential. Many improvements in pure cul-
ture methods not employed by students of mycorrhizae
have been described by workers in other fields. These
methods were carefully reviewed in 1924 by Klein and
Kisser in their monograph, ‘‘Die sterile Kultur der
hoheren Pflanzen.”” Unfortunately, methods developed
independently in America by Kuudson (1919) are omit-
ted. It appears, according to Klein and Kisser (1924),
that Knudson’s principle of separating the ‘‘soil’’ and
aerial environments of pure culture seedlings were used
in Russia early in the present century. The techniques
for growing the roots of individual plants in pure culture
and their tops in the atmosphere of a greenhouse had
already been highly developed in Professor D. Prianisch-
nikov’s laboratory by 1911 (Schulow, 1911, 1913). Sub-
sequently his students perfected methods for growing
large numbers of plants in one container, their roots be-
ing in pure culture and their tops in the greenhouse
atmosphere (Bobko, 1924). Since provision was also
made in these experiments for changing nutrients at any
time these methods are much superior to those used in
mycorrhizal studies. The Kuropean methods culminated
in that used by Klein and Kisser (1924). It differs only
in minor details from the methods developed in Professor
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Prianischnikov’s laboratory. Reference is made to their
monograph for all details.

Unfortunately, none of these methods is suitable for
exploring mycotrophy in pine. They are capable of ex-
cluding contaminating organisms for only relatively
short periods of time. Furthermore, the problem of
handling large numbers of culture is prohibitive. The
pure culture problem in myecotrophic studies is one of
obtaining normal physical environments within wholly
inclosed systems. A suitable culture chamber must per-
mit: (a) the use of radiation intensities above 40 per cent
of full sunlight; (b) the maintenance of normal tem-
peratures during such exposures; (¢) the maintenance of
normal humidities and gas concentrations; (d) the chang-
ing of nutrient solutions and of substrate air at short
intervals; and (e) the exclusion of contaminating organ-
isms over long periods of time.

Experiments on pure culture methods were commenced
by the writer in 1930 during his period of study under
Professor Elias Melin at the Royal Academy of Forestry,
Sweden. For the first experiments a chamber was as-
sembled from standard glass parts (that is, bell-jar and
glass base) which were fitted together by grinding them
into a glass disk. The disk also supported a flower pot
which served as the substrate container. Nutrients were
stored in a two-liter suction flask attached to the chamber
by means of glass and rubber tubing. The chamber was
aerated by means of a small rotary pump, the air being
passed through cotton-wool before reaching the chamber.
Preliminary tests during the summer of 1930 demon-
strated the feasibility of improving pure culture environ-
ments by these means.

When the experiments were renewed after the writer’s
return to the United States, glass chambers consisting of
but two parts were employed (Text Fig. 21). The diam-
oter of the lower chamber was reduced and the flower
pot was supported by the walls of a lower chamber rather
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than by a glass disk. The entire apparatus as finally
used is shown in Plate VIII, B. It consisted of the glass
chamber (the parts cemented together with DeKhotinsky
Cement) supporting the flower pot, a nutrient-storage
flask (covered to exclude light), a Berkefeld grade
V-filter for air filtrations, and outlet safety tubes for air
and for used nutrients. Details of the air and nutrient

|
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TexT Fig. 21. DETAILS OF NUTRIENT AND

AIR INLET AND EXIT TUBES OF THE ALL

GLASS CHAMBERS USED AT THE BOYCE
THOMPSON INSTITUTE.

(Courtesy U. S. Forest Service).

connections are shown in Fig. 21. Nutrients were intro-
duced through tube A-B and, after draining through the
sand, removed through the system C-D-E. Air from a
rotary blower was forced through the filter and passed
into the chamber through tube F-G. It left the chamber
through the system H-I-J. Mercury bichloride was
placed in the second safety tubes of both the nutrient
removal K and air exit J systems.

These chambers were placed in a glass compartment in
a greenhouse at the Boyce Thompson Institute. The
whole system was cooled by means of a fan which moved
approximately 500 cu. ft. of air per minute (from a base-
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ment beneath the greenhouses) through the compart-
ment. A continuous record of temperatures (1) in the
greenhouse, (2) in the glass compartment, (3) in an
unaerated chamber, and (4) in an aerated chamber was
obtained by means of resistance thermometers. The
maximum air temperatures (maintained for a few min-
utes only) on some of the warmest days of March, April,
and May, 1932, as recorded at the four points, are given
in Table X. From these data it is very evident that the
cooling system was not adequate.

TABLE X

MaximuMm ATR TEMPERATURES RECORDED IN AERATED AND UN-
AERATED PURE CULTURE CHAMBERS, IN THE GLASS CASE, AND IN
THE GREENHOUSE ON WARM SUNNY DAYS AT THE BOYCE
THOMPSON INSTITUTE DURING APRIL AND MAy, 1932

Pure culture chambers e

Date T it éif. house Glass case Diff.
324 | 98 116 18 94 85 9

4-2 07 115 18 94 83 11

45 93 111 18 03 82 11

4-7 08 111 13 95 85 10

1-22 97 110 13 96 89

4-24 08 111 13 91 87

4-30 97 113 16 04 90

5-4 04 111 17 97 87 10

5-5 97 112 15 99 93 6

5-17 100 111 11 95 95 0

5-18 100 114 14 92 95 (3)

From the viewpoint of convenience in handling and of
freedom from contamination the apparatus was also far
from ideal. In the first experiments with the apparatus,
four chambers were connected to one filter and to one
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nutrient flask. All became contaminated during the first
month. The use of an individual nutrient flask and an in-
dividual filter for each chamber, as shown in Plate VIII,
B, was a great improvement; but even then more than 65

Prare VIII. PURE CULTURE CHAMBERS USED IN (A) HARVARD AND (B)
BOYCE THOMPSON INSTITUTE PURE CULTURE EXPERIMENTS.
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per cent of all the chambers used became contaminated
during a period of three months and twenty days. Con-
taminations were incurred during the planting and in-
oculating of seedlings and also during the course of the

Prate IX. DETAILS OF METAL BASE PURE CULTURE CHAMBER USED IN
ALL HARVARD EXPERIMENTS.
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experiments. The necessity for planting through the
stopper-opening caused most of the difficulties since the
glass chamber and the remainder of the apparatus had to
be sterilized separately. Contaminations during the
course of the experiment were usunally through the
nutrient removal system.!

To overcome the inconveniences of this apparatus vari-
ous chambers were designed and tested during the spring
and summer of 1932. All possessed metal bases for
accommodating the several air and nutrient connections
and all possessed an opening in the bell-jar for inoculat-
ing and introducing germinated seedlings. These feat-
ures permit the sterilization of the entire apparatus as a
unit and the introduction of all plant materials through
an opening no larger than 17 mm. in diameter. The type
of apparatus selected and successfully used in experi-
ments conducted at Harvard University is shown in
Plate IX. The bases of these chambers, during the sec-
ond and third series of experiments, were submerged in
individual water baths to hold the substrate at a suitable
temperature. In still more recent attempts to improve
the apparatus for general use the copper base was re-
placed by a glazed clay base and the whole chamber sub-
merged in a water bath (Hatch, 1934, Fig. 1; 1936, Fig.
317). Details of construction and of the special tech-
niques required in the use of this chamber have been
recorded elsewhere (Hatch, 1934b, 1936).

With ordinary care the metal and porcelain base cham-
bers are practically impregnable to contaminating or-
ganisms. Of 21 chambers which were not contaminated
during the process of planting in two sets of experiments
(1933 and 1934) not a single one became contaminated

1 These experiments were undertaken through codperative agreement by
the Boyce Thompson Institute and the Allegheny Forest Experiment Station,
Philadelphia, Pa. The writer was a member of the latter Station and could
spend only a part of his time at the Institute. The experiments were

tended in his absence by Mr. Reno Marini, a Laboratory Assistant of the
Institute, under the supervision of Dr. F. O. Holmes,
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during the course of three and one-half months. In the
planting process, however, 13 of a total of 34 chambers
used in the two sets of experiments had foreign organ-
isms introduced into them. Of these all but 4 were by one
species of bacterium, and this organism was later found
to be in the seeds. It follows that if adequate care is
exercised in selecting seeds which are free of microor-
ganisms, contamination of the chambers should be rare.

In the experiments here reported seeds were soaked
over night in sterile water, treated for two minutes with
0.1 per cent mercury bichloride, rinsed in 10 to 15 changes
of sterile water, and placed on agar slants. The slants
were placed in a cold room at temperatures which varied
from freezing to 8°C. After two months the tubes were
removed from cold storage and the contaminated ones
discarded. The seeds germinated about a week later and
were immediately introduced into the culture chambers
(carried out in a transfer chamber). In starting a third
series of experiments (not reported here) in the summer
of 1934 it was found that bacterial infection of the seeds
could be demonstrated by pouring a small quantity of
liquid sugar-nutrient into each test tube 3 or 4 days be-
fore they were ready for planting. Infected seeds were
relatively few, since in the two series of experiments a
total of 598 seeds were introduced into the 34 chambers
and only 13 chambers became contaminated.

INVESTIGATIONS OF SEEpriNg GrowrH 1IN Pure CULTURE
SYNTHESIS OF MYCORRHIZAE

Preliminary to the physiological experiments a num-
ber of Hymenomycetes were obtained in culture by the
writer and Constance Talbott Hatch and tested for their
ability to produce mycorrhizae with pine seedlings (at the
Myecological Laboratories, Royal Academy of Forestry,
Stockholm, Sweden). Of 18 fungi suspected of being
mycorrhizal organisms, 12 produced mycorrhizae with
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Pinus Strobus L. (Plates 69-71, Hatch and Hatch, 1933)
and two with P. resinosa (Hatch, 1934¢, Figs. 4-6; page
118 of this paper). In the several experiments of which
descriptions follow some of these fungi, as well as two
species obtained in culture and established as mycor-
rhizal organisms by Doak (1935), were used.

The most significant difference between these synthesis
experiments, in which excellent mycorrhizae were ob-
tained, and the physiological experiments, of which the
descriptions follow, was that of nutrient availability.
The sand used in the synthesis experiments was of fluvio-
glacial origin. Professor Melin supplied the following
analysis of this sand: 60 per cent feldspar, 30-35 per cent
quartz, 5-10 per cent mica, amphibole pyroxene, and other
materials. The base exchange capacity of this sand, as
determined by Professor P. R. Gast at the Harvard
Forest, is several hundred per cent greater than that of
the quartz (over 99 per cent silica) sand used in the
physiological experiments. That appreciable quantities
of the nutrients added to the fluvio-glacial sand becomes
adsorbed to the sand is indicated by the shift in the
concentration of hydrogen ions in the solution from
pH 6.57 before to pH 4.2 after autoclaving (Hatch and
Hatch, 1933, p. 329). Such a shift does not occur when
the same nutrient solution is autoclaved in the quartz
sand of the physiological experiments. Thus, the nutri-
ents in these synthesis experiments were apparently
largely adsorbed and out of solution while those of the
physiological experiments were in solution and readily
available.

GrowTH OoF PINE SEEDLINGS ON QRGANIC SOURCES
oF NITROGEN

The initial studies carried out in the ‘‘all glass’’ (Plate
VIII, B) and in the ‘‘copper base’’ (Plates VIII and 1X)
chambers were planned with the object of obtaining
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quantitative estimates of the utilization of peptone and
nucleic acid by mycorrhizal and non-mycorrhizal seed-
lings. They were based on the earlier work of Melin
(1925) which had yielded evidences of nitrogen starva-
tion in non-mycorrhizal seedlings. But the liberation of
ammonium by the mycorrhizal fungi introduced into the
chambers rendered uncertain the conclusion that these
fungi facilitated the utilization of organic nitrogen by
virtue of their symbiotic mode of life.

To avoid these complications the writer (1) changed
nutrients at frequent intervals, (2) introduced non-my-
corrhizal fungi into a second set of control cultures, and
(3) raised the carbon/nitrogen ratio of ‘the culture
medium. Addition of dextrose to the amount of 0.3 per
cent was sufficient for the latter purpose. With this pro-
portion of dextrose available, peptone and nucleic acid
were utilized only for the nitrogen they contained rather
than primarily as a source of energy for fungal meta-
bolism. Under these conditions ammonium does not
accumulate in the soils or in nutrient solutions (Waks-
man, 1932, p. 444-451).

Two series of experiments with nucleic acid as the
source of nitrogen were carried out at the Boyce Thomp-
son Institute in the glass chambers (Plate VIII, B). In
one Pinus resinosa was grown with Boletus luteus, one of
two organisms which yielded mycorrhizae with this pine
in the synthesis experiments (not previously reported).
In the other, Pinus taeda was associated with Mycelium
radicis nigrostrigosum and with Boletus subluteus (cul-
tured by Dr. K. D. Doak). In addition to the uninocu-
lated cultures a third of the chambers were inoculated
with three soil fungi, Mucor rammannianus, Nortierella
isabellina, and Penicillium divaricatum (obtained from
Dr. C. W. Watson). The nutrient employed contained
the following quantities of salts and organic materials
per liter of solution:
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BUL ..viisssasusnaninin: 0.11900 grams
MeS0, »TH0) 55565 ss sswss 0.39400 »?
B {HPO )y wsesmsmsuenss 0.10100
ZnSO,-TH,O ... ... .. 0.00017
MnSO,-2H,O ........... 0.00011
Dextrose ................ 340 H

Nucleic acid (from yeast) 1.0 ”

Iron citrate, 1 ml. of a 1% solution

The solution was adjusted approximately to pH4 by
addition of 5 ml. of 1/10 normal NaOH. During the ex-
periment (three and one-half months) five liters of this
solution passed through each chamber, additions being
made two or three times weekly. Kstimates of NH; in
the solution removed from the chambers were made
eleven times during the course of the experiments.
Amounts larger than 0.34 mg. of NH; per 100 ml. solution
were not found.

The sand substrate in these and all other physiological
experiments, in contrast to that used in the synthesis
studies, was silica sand (silica 99.89%). The grains
were almost spherical and uniform in size (the portion
retained between 20 and 30 mesh screens).

Mycorrhizae were produced in one case only. In cul-
tures which were not contaminated or inoculated with the
soil fungi growth was excellent (Plate X, B). The aver-
age weight of pure culture seedlings was 170.3 mg. and
the shoot/root ratio 0.351. The average dry weights and
shoot/root ratio of seedlings inoculated with the soil
fungi were 57.0 mg. and 1.862 respectively. Stunted
growth of the latter seedlings was caused by changes in
the substrate which proved toxic to seedling roots
(Plate X, A). The dichotomous forking of short-roots
on seedlings grown on nucleic acid reported by Melin
(1925) was confirmed in these experiments (Plate I1I, G).

The following year at Harvard University a third
series of experiments was carried out in which peptone,
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the other source of organic nitrogen which was utilized
only with difficulty by Melin’s seedlings, was employed.
Twelve germinating seeds (all of known weights, see
Table XI) of Pinus Strobus were introduced into each of
fifteen copper-base chambers (Plate IX). Five cham-

Prame X. SEEDLINGS OF PINUS TAEDA
GROWN ON NUCLEIC ACID AS NITROGEN
SOURCE IN PURE CULTURE.

Upper: inoculated with soil fungi. TLower: pure
culture.



TABLE XI

Data on 1933 Pure CULTURE EXPERIMENT WITH PEPTONE AS SOURCE OF NITROGEN

No. Av. wt. of
Pot seed - seedlings Root/shoot
No. Treatment lings n mg. S.E. M. ratio Remarks
12 No inoec. 10 4551 0013 1.006
16 No inoe. 9% .3484 0025 0.862 Replacement seedling discarded
17 No inoc. 8* 3159 0038 0.965 Replacement seedling discarded,
one seedling preserved
4 No inoe. 10 3375 0019 0.917 Contaminated with bacteria
11 No inoe. 9 1491 .0010 0.357 Contaminated with Penicillium
1 B. bovinus 9% 3784 0063 0.905 Inoculum covered roots, seed-
lings 1-5 photographed, one
seedling preserved
6 B. bovinus 8 3150 0039 0.886 Replacement seedlings discarded
15 B. bovinus 3810 .0008 1.004 Inoculum covered parts of roots
28 B. bovinus 4389 0013 0.992 Inoculum covered parts of roots,
one seedling preserved
13 B. bovinus 9% 1300 .0006 0.666 Inoculum grew not at all, con-
taminated with bacterium,
HgCl, injury from thermometer




TABLE XI—(Continued)

2 P. campestris 6* 247 0081 0.697 Inoculum grew, replacement
seedlings discarded, one seedling
preserved

23 P. campestris 10 2770 0026 1.017 Inoculum grew

30 P. campestris 8% .3898 0017 0.888 Inoculum grew, replacement
seedlings discarded

19 P. campestris 8 1224 .0010 0.329 Contaminated with Penicillium,

seedlings 1-5 photographed, one
seedling preserved

21 P. campestris 8 .3109 .0019 0.970 Contaminated with bacteria, re-
placement seedlings discarded

* Fresh weight of seeds averaged 215 mg. all other seedlings averaged 22.5 mg.
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bers were inoculated with Boletus bovinus, five with Psal-
liota campestris (L. ex Fr.) Quelet, and five were not
inoculated. P.campestris replaced the three soil fungi in
these experiments because the latter produced changes
in the nutrients of the previous experiments which in-
hibited seedling growth (Plate X, A). Judging from the
culture studies of Styer (1930) and Waksman and Nissen
(1932), P. campestris is very similar in its physiology to
that of mycorrhizal fungi (Melin, 1925; Falck, 1923) and
therefore should have nearly the same effect on the nutri-
ent solution as these fungi. The full quota of ten seedlings
desired in each chamber was not realized, so replace-
ments (to render the cultures comparable to one another)
were made. These were excluded from the plants anal-
vzed for growth at the close of the experiment (Table
XI). Seed coats were removed from the chambers at the
time of making replacements since they constitute a pos-
sible source of delayed contamination. The nutrient
solution contained the following organic and inorganic
materials per liter:

BHPO: swinsnsns 0.11160 grams
MeB0, ~THO . +:.017700 ??
BC: semsesesans 0.06204

Z/mS0O, - 2H,0 ....0.00017 ”’
MnSO,-7TH,O ....0.00011 ”’
Bacto peptone ...1.0 gram

Dextrose ........ 3.0 grams
Iron citrate, 1 ml. of a 1%
~ solution

The solution was adjusted to pH 5.6 by addition of hydro-
chloric acid. During the experiment the substrate was
flooded seven times with freshly prepared nutrient solu-
tions of this composition (except that zine and manga-
nese were omitted the last three times).

Complete and summarized results are assembled re-
spectively in Tables XI and XII. The appearance of five
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seedlings from each of two chambers, one contaminated
with Penicillium and the other without microdrganisms, is
shown in silhouette photographs in Plate XI. Micro an-
alyses of the first three seedlings from the left, Plate XI,
B, revealed an average nitrogen content of 2.83 per cent,
potassium content of 1.7 per cent, and phosphorous con-
tent of .436 per cent (averages of 9 separate determina-
tions in each case; made by Mr. E. Snow, in Professor
Grast’s laboratory at Petersham). The average dry

TABLE XII

SuMMARY OF Dara oN GrowTH OF P. Strobus SEEDLINGS IN PURE
CULTURE WITH PEPTONE AS THE SOURCE OF NITROGEN.
ALL SEEDLING WEIGHTS CORRECTED AS OF SEED
Crass 5

(See Mitchell, 1934; Table XVII)

Treatment Av. of seedlings in all pots
se;Ziz. %?JLZ." Av. root/shoot ratio

No. inoculation ............. 27 429.0 944

B DOVIDUE sisvcccmmovcmanse 34 428 .4 929

" K cmmnmestrls ;s essmesssminse 24 351.8 876
Contaminations

Bacteria ................. 18 363.1 943

Penicillium ............... 17 152.0 343

Bacteria -+ poisoning by 9 152.1 .666

BeOle ....comecemsssmas

weights of 27 uninoculated seedlings (429 mg.) and of 34
seedlings inoculated with Boletus bovinus (428.4 mg.)
exceeds by 122 mg. the highest weights of seedlings of
comparable age and seed weights raised by Mitchell
(1934, Table IX) in soils of the Black Rock Forest.
[These seedlings were raised in the Mid-Slope (good) soil
and received -the basic nutrient plus an additional quan-
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Prare XI. SEEDLINGS OF PINUS STROBUS GROWN ON PEPTONE AS
THE SOURCE OF NITROGEN IN PURE CULTURE.

Upper (A): contaminated with Penicillium sp. Lower (B): pure -culture,
no inoculation.
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tity of nitrogen, in all 553 mg. of NH,NO,.] The average
weight of 429 mg. also exceeds by 37.5 mg. the maximum
yield obtained by Mitchell in the best of his sand cultures.
The maximum yield in Mitchell’s cultures was 381.5 mg.,
obtained with 300 ppm. of nitrogen in the nutrient
solution.

Discussion

Nitrogen starvation of the kind found by Melin (1925)
was not found either in the nucleic acid or peptone ex-
periments. The ready utilization of organic nitrogen
resulted in high internal concentrations of nitrogen; and
since other elements were also present in abundance, my-
corrhizae were not produced (See soil culture section).
A wholly reasonable explanation of the differences in the
facility with which seedlings in these experiments and in
those of Melin utilized peptone and nucleic acid, is not
apparent. It may be pointed out, however, that the two
sets of experiments were carried out under quite differ-
ent environments. Also, the quantity of dextrose used
in my cultures was six times as great as those of Melin
(0.3 and 0.05 per cent, respectively). To what extent
these differences influenced the utilization of organic
nitrogen is unknown. Since the use of lower quantities
of dextrose renders comparative studies of symbiosis
fruitless because of the liberation of ammonium into the
substrate, the value of exploring the cause of these dif-
ferences would probably be small.

The question of the form in which nitrogen was ab-
sorbed is an important one which can not be settled
except by further experimentation. Since quantitative
estimates for ammonium in the used solutions were made
after each flooding and this form of nitrogen never ap-
peared, the indications are that nitrogen was absorbed in
organic form. In view of Knudson’s (1919) experiments,
which indicate that plant roots do not secrete enzymes, it
is improbable that organic nitrogen was decomposed at
the surfaces of absorbing roots and so did not appear in
the substrate solution. Furthermore, if decomposition of
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organic nitrogen as a result of enzymes liberated by au-
tolysis of sloughed-off root-cap cells had been appreci-
able, ammonium would have appeared in the used nutrient
solutions. The evidence points to absorption of nitrogen
in organic forms.

While it is generally accepted that amino acids are
absorbed by plant roots, opinion is equally general that
larger molecules can not pass through absorbing mem-
branes. As long ago as 1907, however, Kraus, Portheim,
and Yamanouchi reported that animal antigens were
absorbed by plant roots. They obtained a positive test
for horse serum (by the precipitation technique) in the
leaves of plants growing in soil to which the serum had
been added. Using the Schultz-Dale serological tech-
nique, Moritz (1932, 1934) has demonstrated the presence
of egg albumin in plant leaves 48 hours after addition of
the albumin to soil. Subsequently these results have
been extended by Dr. K. S. Chester at the Rockefeller
Institute for Medical Research. While Dr. Chester’s
work is not yet published, I have his permission to quote
from a letter as follows: ‘‘I have repeated Moritz’s ex-
periments, with . . . variations, and my results are in
perfect conformity with his. I have used both beans and
Vicia, watering with egg albumin, and unwatered con-
trols, and in both cases was able to pick up egg albumin
in the leaves. The serological tests were confirmed by
using precipitin tests, complement-fixation tests, and
anaphylaxis tests, in the latter case using the bean and
Vicia materials both to sensitize and, in addition, to
intoxicate.

““We can feel reasonably sure from this that the egg
albumin is able to get into the circulatory system of these
plants through the normal, sand-culture root system.
This leaves the question open, however, whether the pro-
tein penetrates the root hairs or whether it enters
through injuries, large or small, which might result from
. . . the action of microorganisms.”’
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More recently Hitchcock and Zimmerman (1936) have
demonstrated absorption by intact roots of alpha-naph-
thaleneacetic acid, indoleacetic acid, indolebutyric acid,
indolepropionic acid, phenylacetic acid, and the methyl
and ethyl esters of these acids.

It appears likely, therefore, that much larger molecules
pass into plant roots than physiologists are accustomed
to think is possible. The results obtained in these ex-
periments support the hypothesis that nucleic acid and
peptone were absorbed as such by the seedling roots. It
is possible, however, that only the smaller moleculed frac-
tions (impurities) of these chemicals were actually ab-
sorbed. Tt is believed that the serological technique used
in combination with pure culture techniques offer the
best possibilities for solving this important question.

GrowTH OF PINE SEEDLINGS ON INORGANIC SALTS

Because the pot culture experiments had demonstrated
that mineral salt deficiencies call forth the mycorrhizal
response, this possibility was examined in pure culture.
For the mycorrhizal fungi the following species were
employed: Boletus bovinus, Boletinus pictus (synthesis
experiments reported by Doak, 1934), Lactarius delici-
osus (L) Fr. (Plate I, A) and L. indigo (cultured by
Doak). For the non-mycorrhizal fungi Mutinus Curtissi,
Ithyphallus Ravenelii (cultured by Doak), and Calvatia
craniformis (cultured by Doak) were employed. A total
of 22 seeds, all of known weights, were introduced into
each chamber. The nutrient solution contained the fol-
lowing quantities of organic and inorganic materials per
liter:

EHPO: ...coinsnans 0.100 grams
MeBO, THL oonisvns 0.169
Cally wivsmsnsrinies 0.0564 7
NHNO: sscswswanses 0.154 7’
DextPO8e cusmswnswnes 0.500 7’

Iron citrate, 1 ml. of a 1% solution
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All chambers were provided with this nutrient at the
beginning of the experiment (December 2-3, 1933). The
seedlings grew well during the first month. To create
starvation conditions the nutrients were replaced after
the first 20 days with dextrose solution (0.5 grams per
liter). A month later this solution was replaced by
another having p. 154 grams of ammonium nitrate in ad-
dition to the 0.5 grams of dextrose. Thereafter the
regular nutrient solution was used. All seedlings showed
uniform evidences of nutrient deficiencies during Febru-
ary, 1934, and became dormant. Dormancy could not be
broken by cold treatment, so on March 28 aeration of the
chambers was suspended for a day and 0.2 ml. of ethylene
chlorhydrin was allowed to evaporate into the chambers
from the air filter. By April 20 some seedlings recom-
menced growth but others remained dormant and still
others showed signs of injury. The experiment was dis-
continued because the accuracy of comparative growth
studies at a later time would have been impaired by these
inequalities. Although mycorrhizal fungi had covered
the roots of some seedlings in each inoculated chamber,
mycorrhizae were not produced.

The lack of mycorrhizal roots on these seedlings, de-
spite their abundant covering of mycorrhizal fungi, was
at first confusing. Gradually an explanation unfolded
which centers in the availability of nutrient salts. Water
plants, when growing in a water environment where nu-
trients although available may be exceedingly scarce,
never possess mycorrhizae (Stahl, 1900; Asai, 1934).
These same plants may possess mycorrhizae when grow-
ing in soil (Asai, 1934) where the problem of obtaining
nutrients involves their removal from soil colloids and
other base-exchange materials. Similarly, the occurrence
of mycorrhizae in soils is determined by the availability
of mineral salts (See the earlier sections for a review of
this literature). When nutrients are readily available in
the soil solution mycorrhizae are few or absent. When
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they must be obtained from base-exchange materials
mycorrhizae are abundant.

One of the chief differences between this experiment
and the synthesis experiments, in which profuse develop-
ment of mycorrhizae was obtained, is in nutrient avail-
ability. In the present experiment the nutrients, although
scarce, were dissolved in the water of the solution. In
the synthesis experiments they were largely adsorbed to
the surfaces of fluvio-glacial sand, and fungi possessed
an advantage over roots in obtaining these adsorbed
nutrients because of their relatively much greater ab-
sorptive surfaces.

The question now arises just why mycorrhizae should
be more efficient in extracting nutrients from base-ex-
change materials than are tree roots.

INFLUENCE OF MycorruIZAL Funcr oN Root
DevELOPMENT IN Pinus

CURRENT CONCEPTS

Most students of tree roots maintain that infection by
mycorrhizal fungi leads to retarded root growth, to cessa-
tion of elongation, and eventually to the destruction of
the infected roots. Those students who contend that
mycorrhizae are injurious to the vascular plant logically
cite such opinions in support of their views (R. Hartig,
1888, 1891; v. Tubeuf, 1888; McDougall, 1914; ete.). To
those who are uncertain as to the nature of mycorrhizae
these opinions constitute a serious obstacle to acceptance
of the ““beneficial’’ theory (Laing, 1932; McArdle, 1932).
Supporters of the ‘‘beneficial’’ theory, however, advance
the assumption that reduction in surface area is surely
more than compensated for by the increased efficiency of
mycorrhizae in absorbing one or more elements essential
to growth (Frank, 1888; Stahl, 1900; v. Tubeuf, 1903;
Melin, 1925).

The belief that the growth of mycorrhizal roots is re-
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tarded or inhibited as a result of infection has some-
times been based on comparative lineal measurements of
mycorrhizal and non-mycorrhizal roots, apparently
always with the assumption that in the absence of infec-
tion all tertiary roots would tend to grow to approxi-
mately equal lengths. In modern times Melin (1923) is
much cited as having confirmed this as fact by pure
culture experiments. But the longest non-mycorrhizal
short-roots which Melin has ever found, even on two-year
plants (in pure culture), were only 20 mm. long (Melin,
1925, p. 60).

A number of other features of mycorrhizal roots are
sometimes thought to result from attack by mycorrhizal
fungi. Among these are the absence in mycorrhizal roots
of root hairs and root caps, fewer conduction elements
(monarchy), and reduced numbers of cortical cell layers
(Laing, 1932).

Until recently the correctness of these concepts had not
been questioned despite many evidences of the distinctive
character of long- and short-roots on seedlings raised in
the absence of mycorrhizal organisms (Moller, 1902-1903;
Nolle, 1910; Melin, 1925, 1927). First to determine
whether or not attack by mycorrhizal fungi is the primary
cause of slow growth of some mycorrhizal roots was
Aldrich-Blake (1930). In discussing the fate of lateral
root initials (diarch roots) on seedlings of Corsican Pine
he (op. cit., p. 23) wrote as follows:

“Those lateral roots which are not arrested at an early stage may
behave in one of two different ways. They may become infected with
myecorrhizal fungus at a short distance from their point of origin, and
dichotomize into two monarch roots, which may in turn further dicho-
tomize, but never grow to any considerable length. Alternatively
they may grow on as mother roots, and eventually be converted into
pioneer roots of unlimited growth.

“The question naturally arises whether lateral roots are predestined
to develop in one or the other of the above mentioned ways, or whether
their subsequent development is controlled by the conditions they
encounter in the soil through which they grow. Sections through the
diarch basal portions of roots which had developed as mother roots,
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and of those which had subsequently dichotomized, showed no general
qualitative differences; though it was only in sections from the base
of dichotomized roots that well marked resin canals were occasionally
absent. However, when quantitative differences were taken into ac-
count a real difference became apparent. . . . The mean protoxylem
diameter of the mother roots was 117 = 6, while that of the basal
diarch portion of the dichotomized roots was 73 = 6, and the prob-
ability of significance of the difference between these two measure-
ments was over 100 to 1. Thus it is clear that the roots which
subsequently dichotomize, and those which develop, as mother roots,
fall into two significantly different size classes . . . we are probably
justified in concluding that the dichotomy of lateral roots of Corsican
Pine is the response of a feeble root to strong fungal infection.”

These facts indicate that the primary cause of slow
growth in those diarch root initials which become mycor-
rhizal is not fungus invasion but the vigor or physiologi-
cal state of the roots themselves. That tertiary roots
vary within wide limits in their growth rates or vigor is
amply evidenced by the form of the root systems which
are produced in pure culture, where internal factors
alone control elongation rates (Melin, 1925, Fig. 23-27).
The limited growth and marked uniformity of short-
roots produced on Pinus Strobus in my synthesis experi-
ments (Hatch and Doak, 1933, Plate 58, B) first attracted
the writer’s attention to this question. Appearance in
1932 of papers by Laing and by McArdle, in which the
character of mycorrhizal root systems were badly con-
fused, provoked a review of the subject by the writer and
Doak (1933) which included a report on part of the data
from the writer’s pure and soil culture experiments in
Sweden.

The study revealed that the distinctive features of
short-roots result from inherited or physiological quali-
ties quite unrelated to infection by mycorrhizal fungi.
In pure culture short-roots of Pinus Strobus were mon-
arch in vascular structure, they lacked a root cap and
possessed only four layers of cells in the cortex, their
elongation rates were slow, and secondary growth did not
occur (Hateh and Doak, 1933, Plates 57 and 58). The
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short-roots which became mycorrhizal in pure culture
grew at equal rates; but in addition they dichotomized
and thereby increased the number of tips per short-root
(op. cit., Plates 57, C and 58, C). By causing hyper-
trophy of the cortical cells mycorrhizal fungi also in-
creased the diameter of the short-roots. In soils or sand
cultures non-mycorrhizal short-roots (op. cit., Plate 58,
A) were not found which were greater than 2-3 mm. in
length; but mycorrhizal short-roots grew to lengths of
10-12 mm., and in addition in nature were found with
more than 80 individual tips (op. cit., Plate 59, C). These
facts were believed to support a view which is the precise
opposite of that held by all previous investigators,
namely, that mycorrhizal fungi stimulate root growth and
thereby increase absorbing surface areas (op. cit., p. 96).

New EVIDENCE ON THE INFLUENCE OF MYCORRHIZAE ON
Roor DEVELOPMENT

Data which show that mycorrhizal fungi increase the
surface area of the root systems of Pinus are now abun-
dant. To understand the exact manner in which increase
occurs, and the way in which the increase may be of
significance in seedling nutrition, examination of a num-
ber of generalities about absorption is essential.

Tt has long been known that plant roots tend to in-
crease in extensiveness (that is, the root/shoot ratio
increases) with decrease in soil fertility. In pine seed-
lings this relationship is specific for individual deficien-
cies of nitrogen, phosphorous, potassium, and calcium
(Mitchell, 1934). The character and magnitude of
changes in the root/shoot ratio of seedlings of P. Strobus
with changes in the availability of a nutrient element is
shown for a representative case, nitrogen, in Plate XII
(Mitchell, 1934, Plate IX). When the concentrations of
nitrogen or of the other elements are low the roots are
extensive in relation to the tops, and when they are high
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the root systems are proportionately small. Thus one
mechanism which serves to increase or decrease absorp-
tion, depending on whether internal nutrient concentra-
tions are low or high respectively, is variation in the
absorbing surface area of root systems.

The question now arises as to whether short-roots re-
spond, as do long-roots, to changes in nutrient environ-
ments by increase or decrease of surface area. In Plate
XII, a progressive decrease in the number of short-roots
per unit length of long-root is apparent in seedlings
grown on the higher concentrations of nitrogen. A
similar relationship was found for the elements, phos-
phorous, potassium, and calcium (Mitchell, 1934). At
the highest concentrations (Plate XIII, A) in some cases
not a single short-root appears (a fact which removes all
doubt about the ability of long-roots to function in nutri-
ent absorption, a question raised by Hatch and Doak in
1933). Decrease in the number of short-roots produced
per unit length of long-root also occurs in soil culture
seedlings. Analysis of Melin’s (1927) data, for example,
reveals a marked, although variable, decrease of these
roots with inerease of nitrogen mobilization of the soil
(see colummn SR/LR, Table II). A far more striking
demonstration of this relationship is obtained when the
differences in the nutrient environment are large. In the
fertilizer-cartridge experiments, for example, the number
of short-roots per 10 em. of long-roots decreased from 50
to 18 with- increase in available nutrients (Table VII).
The effect of these changes are the same as those which
occur in long-roots, namely, reduction of ‘‘absorbing’’
surfaces under conditions of high nutrient availability.

Of much greater magnitude are the changes in the sur-
face areas of short-roots, which are directly related to
the character of fungus infection. In very fertile soils
where mycorrhizae are not produced, or in soils or sand
cultures where mycorrhizal fungi are absent or their
normal growth inhibited, the type of short-root illus-



Prare XIII. ILLUSTRATING THE RELATION BETWEEN THE ROOTING
ENVIRONMENT AND SHORT-ROOT DEVELOPMENT IN SEEDLINGS RAISED
IN BLACK ROCK FOREST EXPERIMENTS (X 4).

A. Long-roots lacking short-roots under conditions of high nitrogen availability (Sand
culture experiments of Mitchell, 1934). B. Average development of short-roots in
low nitrogen availabilities (Sand culture experiments of Mitchell, 1934). C. Short-
root development in Ridge soil, Black Rock Forest, when invaded by mycorrhizal fungi.
Non-suberized surface area many times as great as in B.



Prare XIV. SHORT-ROOT DEVELOPMENT IN PRESENCE
OF MYCORRHIZAL FUNGI IN SOIL.

A. Infected during emergence from mother long-roots; Ridge soil,
Black Rock Forest (x 9). B. Infected after short-roots had attained
an extraordinary length; Harvard Forest soil (x 5).
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trated in Plate III, A, B, and F, and Plate XIII, B is
produced. The total lengths of these non-mycorrhizal
roots seldom exceed 2-3 mm. They are likewise suberized
to within a few microns of their tips (Plate III, F').
Their effective absorbing surfaces are therefore wholly
negligible. Very probably the early termination of
growth in these non-mycorrhizal short-roots is brought
about in part by infection by casual soil organisms
(Melin, 1925). In pure culture, where the influence of
such infecting organisms is lacking, short-roots may
grow to considerable lengths. Their continued growth
with age is shown for pure culture materials in Plate 11T,
G. This Plate III, G, also shows dichotomous branching,
a process which oceurs in the absence of infection only
under special nutrient conditions, such, for example, as
where nucleic acid is a source of nitrogen (see also Melin,
1925). In extremely rare cases the writer has encoun-
tered uninfected and even more rarely dichotomized
short-roots in soil cultures. An example of such roots
which, however, were attacked by a mycorrhizal fungus
after they had attained an extraordinary length, 1is
shown in Plate XIV, B. But these examples are found
only in pure culture, rarely in soil cultures, and probably
never in nature. Absorption by non-mycorrhizal short-
roots, therefore, can not play a very significant role, if
any, in nutrient acquisition.

When short-roots become mycorrhizal very large in-
creases in their surface areas occur as follows:

(1) by continued elongation with increased age (Plate
III, H) during one growing season (usually but
not always) ;

(2) by multiple tip development resulting from dicho-
tomous branching (Plates XIII, C; XIV, A and B;
XV, A and B);

(3) by increase in the diameter of the root (Plate XV,



Prare XV. INFLUENCE OF MYCORRHIZAL FUNGI ON SHORT-ROOT
DEVELOPMENT OF PINE,

A. Larger clump consists of but 4 short-roots; lower clump of but one short-root

(x 3.3). Compare for surface area with non-mycorrhizal short-roots in Plates III and

XTIII. Collected by P. R. Gast, Harvard Forest. Photo by 4. W. Nelson and the writer.

B. One short-root (x 29) which became infected some time after emergence from the

mother long-root, showing increase in diameter of root and dichotomous forking which
follows infection. (Pinus sylvestris, Sweden).
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B), and therefore in its surface area (Lecomte,
1887 ; Hatch and Doak, 1933) ;

(4) by acquisition of the surfaces of fungal hyphae
either
(a) as a parenchyma-like mantle (Plate I, B),
(b) as individual hyphae which pass directly
into the soil from the mantle (Plate IV), or
(¢) as absorbing hyphae located at long dis-
tances from the short-roots but connected to
them by rhizomorphs (Plate I, A); and

(5) by the action of the fungus in delaying suberiza-
tion of the endodermis and cortex, thereby keeping
the cortex of the entire root alive and active often
throughout an entire growing season (Aldrich-
Blake, 1930; Laing, 1932).

Attainment of the secondary condition in mycorrhizae,
as in long-roots (Aldrich-Blake, 1930, p. 27), may be
readily recognized from external appearances. Deposi-
tion of suberin in the endodermis and cortical cells cuts
off the cortical cells from the conduction tissues and
leads to their death. When this occurs they turn brown
or reddish, (Plate ITI, ', shows this for non-mycorrhizal
short-roots). The cortex of mycorrhizae frequently re-
mains alive and active over the entire length of the short-
root for a period, in some cases, of at least 4 months.
Such an extreme active age is not attained by the cortex
of any other root.

Tn diagrammatic form these relationships are shown in
Plate XVI. All areas which are solid black represent
cortical regions which are still active (in the primary con-
dition) because of the absence of complete suberization of
the endodermis and cortex. Inactive suberized cortex (in
the secondary condition) and cortex cut off by the forma-
tion of the cambium (in the long-root only) are repre-
sented by ordinary lines. On the lower surface of the
mother root the development of non-mycorrhizal short-
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roots is indicated. Only their tips with relatively insigni-
ficant surface areas are in the primary condition (Plate
I11, F'), and their growth terminates early. In two cases
the stimulated development of such short-roots following
infection by a mycorrhizal fungus is represented (see
also Plate XV, B). On the upper surface of the mother
root the development of short-roots which become mycor-
rhizal as they emerge from the cortex of the mother root
is represented. A diagrammatic cross-section through
monarch short-roots, half of which is represented as
mycorrhizal and half as uninfected (pure culture), 1is
also shown. The increase in diameter is the result of
hypertrophy of cortical cells and of the presence of the
mycelium. The hyphae extending out into the soil from
one of the mycorrhizae are typical of those produced by
M. r. nigrostrigosum (Plate IV; Rayner, Plate X211,
Figs. 1, 2, and 5). Every feature represented in the
diagram can be found in the actual photographs of root
systems reproduced in this paper and in the papers of
Hatch and Doak (1933), and Hateh and Hatch (1933).
Still another factor which is undoubtedly of signifi-
cance in determining the efficiency of mycorrhizal and
non-myecorrhizal roots is the vastly different surface/vol-
ume ratios of roots and of fungus hyphae. It is well
known that the concentration of nutrients within plants is
closely related to the magnitude of their absorbing sur-
faces (Aslander, 1931, 1933). It follows that surface/
volume ratios determine in large part the concentration
of cell contents, and this should be true of fungi as well
as of vascular plants. The surface/volume ratio of a 2
micron hypha is approximately a thousand times greater
than that of a 2 mm. root, and this comparison does not
take into account the volume of any part of the vascular
plant except absorbing roots! Fungus mycelium should
be far richer in nutrients per unit volume than plant
roots, and actual measurements confirm this suggestion
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(Stahl, 1900). To the writer this is the crux of the
mycorrhizal problem.

Thus, while actual comparative data on the rates of
absorption by individual mycorrhizal and non-mycor-
hizal short-roots are lacking, it is clear that in soils
short-roots acquire an appreciable surface area only by
becoming mycorrhizal. Viewed from the vantage of this
knowledge, which is contrary to all previous ideas on the
influence of mycorrhhizal fungi on root development,
mycotrophy in Pinus assumes a new significance; a
significance which is based primarily on physical rela-
tionships.



1V. DISCUSSION

Ix ruEe ancient Indian fable of the blind men’s desecrip-
tion of an elephant, the futility of basing conclusions on
isolated observations is vividly portrayed. Few fields of
biology today offer more striking examples of this an-
cient proverb than that of mycorrhizae. Scrutinized by
themselves, few of the numerous data assembled in this
paper yield any clue to the true nature of the mycorrhizal
habit. Together they provide the bold outline for a pic-
ture of mycotrophy which is apparently capable of
explaining all known peculiarities of the habit.

There can no longer be any doubt that mycotrophy in
pine, and all other trees which form ectotrophic mycor-
rhizae, is widespread and habitual. It represents the
normal destiny of all short-roots of trees growing in
forest and many other soils; and short-roots represent
over 95 per cent of all root tips in pine. It is inconceiv-
able that a parasitic relationship of such general ocecur-
rence, which isolates from its source of nutrients such a
high percentage of root tips, should be without signifi-
cance in nutrient acquisition.

Such a belief is the basis of many theories. The prob-
lem of plant life not infrequently centers in deficiencies of
nitrogen, and symbiotic solutions (bacterial root-nodules)
are well known (Rayner, 1927). Students of mycor-
rhizae, casting about for an obvious need of plants for
accessory nutrient-acquiring organs, have mnaturally
focused their attention upon this element. But the evi-
dence assembled in this paper proves conclusively that
mycotrophy, in plants with ectotrophic mycorrhizae, is
not a special adaptation for acquiring nitrogen. I am by
no means the first to obtain experimental evidence con-
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trary to the organic nitrogen theory. But lacking the
wealth of data which are at my disposal, or in the absence
of this data the extraordinary perception of a Stahl,
students have been at a loss to account for conflicting
experiments and observations.

The possibility that nutrient acquisition by plant roots
may be far more of a problem than we are want to sus-
pect, indeed that this problem may become so difficult in
infertile soils that plants are wholly dependent upon
symbiotic soil fungi, has escaped nearly all students but
Ernst Stahl (1900).

The Stahlian theory has as its foundation an extensive
correlation study of the influence of soil fertility upon
the mycorrhizal development of plant roots. It included
plants in almost all sections of the vegetable kingdom.
As a result Stahl and many others have demonstrated
that mycorrhizal development is inversely proportional
to soil fertility. I have confirmed the existence of this
relationship in pine by repeated quantitative experiments
and extended it to include availabilities of individual
elements (phosphorous, potassium, calcium, and nitro-
gen).

With this relationship as a background Stahl built his
theory around a number of assumptions which many
students have questioned. (a) He believed that in infer-
tile soils competition becomes severe between plant roots
and soil fungi for the nutrients essential to the metabol-
ism of both. In this struggle fungi were assumed to have
a great advantage. The truth of this assumption has
been confirmed by many subsequent investigators (see
Waksman, 1932). (b) Stahl assumed that mycorrhizae,
because of this superiority of fungi, are more efficient than
non-mycorrhizal roots in absorbing mineral salts from
infertile substrates. Proof of the correctness of this
assumption for coniferous seedlings has been provided
in this paper (also Hatch, 1936) and by Young (1936)
and recently by Mitchell (1937). (¢) To account for dif-
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ferences observed in the mycorrhizal developments of
different species of plants growing in the same soil Stahl
assumed that plants differ in respect to the extensiveness
of their root systems and in the rapidity of their trans-
piration currents (it being further assumed that nutrient
intake is proportional to water intake). He actually
found that plants with extensive roots and (or) rapid
transpiration streams tended to be autotrophic, while the
possession of restricted root systems and slow trans-
piration streams favored mycorrhizal development. I
have observed that seedlings of Pinus insularis, which
possess relatively extensive root systems, have consid-
erably fewer mycorrhizae than Pinus Strobus seedlings,
which have much more restricted root systems, when the
two pines are grown together in one soil. A few months
ago Hitchcock and Zimmerman (1936) demonstrated that
the absorption of water and of molecules dissolved in it is
directly proportional to the rapidity of the transpiration
current. There remains not a single serious criticism of
the mineral salt theory which has mot been logically
refuted.

In the writer’s opinion, therefore, the Stahlian theory
is by far the most accurate picture of mycotrophy in pine
that has yet appeared. My own interpretation differs
from Stahl’s only in that it goes farther and attempts to
explain in greater detail the mechanics of the superiority
of mycorrhizal roots in nutrient absorption.



V. INTERPRETATION*

Nutrient acquisition in pine is accomplished in two
fundamentally different ways, depending on nutrient
availability.

In the most productive agricultural soils, in which
fertility is artificially maintained, absorption occurs
through the root hairs of long-roots in the classical man-
ner portrayed in botanical texts. The problem of nutri-
ent acquisition is extremely simple because roots have
merely to absorb from the soil solution the nutrient
olements which are actively bombarding the plasmic mem-
pranes of absorbing cells. Short-roots are here of little
significance because of their extremely limited size.

This picture changes in infertile soils because as soils
become progressively less fertile there are correspond-
ingly fewer readily available nutrients in the soil solution.
Instead, an increasing percentage of these nutrients are
adsorbed to colloids and other base-exchange materials
or are still contained in undissolved rocks. Under these
conditions long-roots, although more extensive, are less
officient. Eventually, in soils which we are accustomed
to regard as of average fertility, a point is reached where
long-roots are wholly inadequate, and here in the ab-
sence of mycorrhizal fungi trees perish.

Tn progressing from highly fertile to infertile soils, but
in the presence of mycorrhizal fungi, there first appear a
few short-roots which have become mycorrhizal. These
are small and unbranched. By the time soils of average

1 Written with a tone of finality, this section represents merely a personal
opinion and like those of my predecessors subject to gross uncertainties. It

is provided in the belief that it will prove a more useful working hypothesis
for further experimentation than other contemporary theories. (Awthor,

June, 1937).
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fertility are reached all short-roots have become mycor-
rhizal and most of them are profusely branched. In
many their surface areas are further increased by my-
celinm which radiates from these mycorrhizae into the
surrounding soil and in some mycorrhizae rhizomorphs
connect them to fungal mycelia which permeate a large
volume of soil.

Finally in infertile soils the entire nutrition of the tree
is accomplished by the short-roots; the long-roots serve
merely to extend the root systems into new soil and to
bear short-roots. These short-roots often expose several
hundred times as much absorbing surface as the nomn-
mycorrhizal short-roots grown in fertile soils. Their
cortical cells possess no contact with soil. All nutrients
and water which reach their conducting elements must be
absorbed by fungus mycelium, pass through a compact
parenchyma-like fungal mantle, and though or around
cortical cells which are wholly isolated from each other
by fungus mycelium.

The concentration of salts within the cells of the pine
roots is higher, as a result of absorption by mycorrhizal
short-roots, than in the soil solution. Some nutrients are
actually lost to the soil by the long-roots. On the other
hand, the concentration of salts in the fungal hyphae is
greater than in the root cells and much greater than in
the soil solution. In mycorrhizae osmotic diffusion is
£rom the mycelium toward the conducting elements of the
root. Fungi are highly efficient in acquiring these nutri-
ents because of the vast numbers of their hyphae, their
tremendous surface/volume ratios, their intimate con-
tacts with mineral bearing rock, soil colloids, and other
base-exchange materials, and because of their ability to
decompose and utilize the inorganic materials from
humus. These attributes enable them to thrive in.infer-
tile soils where trees, lacking mycorrhizae, perish by
starvation.

The utility of the relationship is based on direct osmo-
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tic acquisition by roots of nutrients from fungus my-
celium and (or) on digestion of the fungus hyphae within
cortical cells. The proposal by Burges (1936) that the
fungus liberates the nutrients into the soil and the tree
roots acquire these despite rather than because of the
fungus is wholly contrary to the facts. This is the rdle
of the vast multitude of non-symbiotic soil fungi whose
activities enable tree growth in the absence of mycor-
rhizae only in fertile soils. In infertile soils soil fungi
utilize all the nutrients which they liberate from complex
soil materials and as a result trees starve. By symbiosis
with these efficient mycorrhizal fungi, which are on a
nearly equal footing with other soil organisms in compet-
ing for nutrients, trees are capable of existence in infer-
tile substrates.

Mycotrophy in pine represents a symbiotic mode of
nutrition in which the advantages of two distinet modes
of life are pooled with mutual benefit. The vascular plant
parasitizes mycorrhizal fungi for water (Cromer, 1935),
soil nutrients (Mitchell, 1937), and even for carbohy-
drates (Falck, 1923; Francke, 1934). The fungus para-
sitizes tree roots chiefly (probably) for complex materials
in the nature of growth-promoting substances (Melin,
1925) and possibly, under some conditions, for more
simple carbohydrates. In both partners damages un-
doubtedly result but usually the advantages of reciprocal
parasitism far outweigh these damages. In the absence
of either partner the other is incapable of existence in all
but the most favorable and artificially maintained en-
vironments where the problem of life is extremely simple.



VI. SIGNIFICANCE IN FORESTRY

The writer believes that several conclusions fundamen-
tal to forestation are made obvious by perusal of this
paper.

Firstly, every afforestation project involving the
establishment of members of the Abietineae, Fagaceae,
Betulaceae, Salicaceae, the genus Hickora, and a few
other trees by seeds in new nurseries is predestined to
failure unless provision is made for the introduction of
suitable mycorrhizal fungi along with the trees. The
almost complete failure of the early pioneers to establish
trees from seeds in the American prairies may be
attributed primarily to the lack of these fungi in prairie
regions. The Timber Culture Act of Congress in 1873 was
made futile more by man’s ignorance of the mechanics of
tree nutrition than by the inability of trees to thrive in
prairie regions. It need hardly be pointed out that the
commendable measure recently adopted for excluding
pathogens from new nurseries established in the Ameri-
can prairies, namely, that of raising all stock from seeds,
at the same time dooms the nurseries in which these
fungi are not already present.

Secondly, in the reforestation of long denuded forest
lands the same provision—introduction of mycorrhizal
fungi—-is apparently necessary to success. The mycor-
rhizal fungi of trees disappear from soils with the
removal of their suscepts.

Thirdly, the direct seeding methods of re- and affor-
estation are similarly predestined to failure except where
provision is made for the introduction of mycorrhizal
fungi (Samual, 1926) or except on areas so recently
logged that these fungi still exist in the soil (Steven,
1934).
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Fourthly, a large percentage of planting failures, the
world over, are probably due to the possession by nurs-
sery-raised seedlings of mycorrhizae which are not ca-
pable of surviving in the sites in which the seedlings are
planted. Mycorrhizal fungi are often more exacting in
their site requirements than are the trees with which they
are associated (Romell, 1930). The fungal symbionts of
the seedlings raised in favorable nursery environments
may be wholly incapable of survival in the soil of a ridge
top. Death of the fungus assures death of the seedling
as well, unless other mycorrhizal fungi capable of exist-
ing in the soil are present. In the latter event death or
retarded growth of the seedlings may occur during the
period of conversion from one type of mycorrhizal fun-
gus to the other.

The science of forestation is apparently still in its
infancy and it will probably remain so until our knowl-
edge of tree nutrition, of mycotrophy, and of the influence
of environment upon the survival of root symbionts has
been widely explored. The obvious need today is for
precise information on the influence of different species
of mycorrhizal fungi wpon the growth of our most vm-
portant trees planted in a wide variety of habitats. The
problem, therefore, is not one which may be solved by one
or even several individuals. It requires local and inter-
national study by many organizations engaged in for-
estation. At the present time the Governments of Great
Britain, Australia, and the Netherlands’ Kast Indies are
alone engaged in such programs. It may require many
years for them to gain the information necessary to
achieve the greatest benefits, but this knowledge once
gained may prove more useful in forestry than has a
similar knowledge of the root nodule habit of legumes in
agriculture.



VIIL. SUMMARY

1. For a decade serious nursery failures in widely
separated continents have resulted from the lack in speci-
fic soils of a biological factor believed to be mycorrhizal
fungi. Since the failures occurred in characteristically
mineral rather than in humus soils, questions have arisen
as to the correctness of the organic nitrogen theory.
Furthermore, the probability is attractive that a more
intimate knowledge of mycorrhizae might lead to appli-
cations in forestry which parallel those found for nodule
hacteria in agriculture.

2. A careful review of the literature, pursued with the
object of summarizing observational and experimental
data rather than theories, revealed three significant facts
which are not generally appreciated.

A. Without realizing their dual nature early foresters
regularly encountered and widely regarded as the normal
absorbing organs of trees structures which we now know
to be mycorrhizal roots. Indeed the original (1840-1851)
bases for the modern system of classifying tree roots
into short- and long-roots, were differences which today
are recognized as those which separate respectively my-
corrhizal and non-mycorrhizal roots.

B. The belief, although erroneous, is general today
that controversy has long existed on the prevalence of
the mycorrhizal habit in trees. This belief has gained
wide acceptance largely because (1) we have not segre-
gated statements in the literature which represent actual
field observations from those which are merely opinions,
and because (2) our concepts of root structure and
morphology have been inaccurate. The truth is that one
observer only (McDougall, 1914-1928) has repeatedly
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maintained, on the basis of field observaiions, that my-
corrhizae are infrequent structures in trees. The meth-
ods employed in collecting data in this case were largely
indirect and they involved assumptions which are wholly
erroneous. All other persistent observers, that is, all
who have published more than one account of field ob-
servations, report essentially the same finding, namely,
that mycotrophy in forest-grown trees is widespread and
habitual.

" C. The expenments of Melin reported in 1927 and of
several earlier workers yielded results which are contrary
to those predicted by the organie nitrogen theory. A sat-
isfactory explanation of the known peculiarities of mycor-
rhizal distribution has not appeared subsequently.

3. Four methods were selected for investigating the
myecorrhizal relationship:

A. The soil culture method, with forest soils, for ex-
amining the influence of the nutrient environment on the
development of mycorrhizae and on seedling growth.

B..The soil eulture method, with prairie soil, for de-
termining the effect of introduced pure ecultures of
- mycorrhizal fungi on the growth of seedlings in a soil
environment.

C. The pure culture method for discovering which
fungi produce myecorrhizaec and for quantitative physio-
logical studies on the utilization of organic nitrogen and
mineral salts by mycorrhizal and non-mycorrhizal plants.

D. Comparative studies of the morphology and anat-
omy of mycorrhizal and non mycorrhizal root systems.

4. Soil culture experiments revealed that the abun-
dance of mycorrhizae on the roots of pine seedlings is
determined in normal forest soils by the availability of
mineral salts. They were produced in abundance under
conditions of low availability of any one or more than
one of four elements—nitrogen, phosphorous, potassium,
and caleium—or of lack of balance in the availability of
these elements.



THE BLACK ROCK FOREST 153

5. These results supply the first quantitative experi-
mental demonstration of the correctness, in plants pos-
sessing ectotrophic mycorrhizae, of the observations on
which Stahl in 1900 built the mineral salt theory to
account for mycotrophy throughout the plant kingdom.
They suggest a completely satisfactory explanation of
the observed facts of distribution in nature, namely:
except as saturation, excessive dryness, or unfavorable
acidities of soils affect the ability of mycorrhizal fungi to
survive, the distribution of ectotrophic mycorrhizae in
nature is determined by the availabilities of nutrient
elements.

6. The susceptibility of short-roots to infection by
mycorrhizal fungi in soil and in pure culture experiments
is apparently controlled by the concentration of nutrient
elements within the two symbionts. The combination of
low or unbalanced concentrations in the vascular plants
and high nutrient concentrations in the fungus lead to
susceptibility. Such a combination of internal conditions
in the two symbionts appears typically in soils charac-
terized by soil solutions with low concentrations of
nutrient ions. Such soils may be infertile, or high in
unsaturated base-exchange materials, or they may con-
‘tain difficulty soluble nutrients.

7. When comparisons were made between size and
mycorrhizal developments of seedlings raised in different
nutrient environments, it was found that in general (that
1s, except where soil conditions inhibited the growth of
mycorrhizal fungi) the smallest and least thrifty seed-
lings were most abundantly mycorrhizal. The differences
in size of seedlings, however, could be attributed to the
known differences in the nutrient environments rather
than to injury by the root fungi.

8. Correlation analyses with seedlings raised in one
nutrient environment (but differing in mycorrhizal
equipments) failed to reveal that mycorrhizae either in-
creased or decreased growth. From these data it was
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concluded that an answer to the question whether or not
mycorrhizae increase plant growth can be obtained only
in an environment where access to infection is the sole
variable. Such an environment was obtained in a prairie
soil.

9. Soil culture experiments with prairie soil, which
lacked mycorrhizal fungi but in which pure cultures of
mycorrhizal fungi were introduced in parallel series, pro-
vided a positive answer to this question. Seedlings lack-
ing myecorrhizae were small and yellow and contained
only minute quantities of phosphorous, potassium, and
nitrogen. The percentage contents of two of these ele-
ments were lower than has hitherto been found in pine
grown in any soil, however infertile. Mycorrhizal seed-
lings were large, dark green, and healthy, and contained
normal quantities of mineral salts, ranging from 86 to
234 per cent more than was found in the non-mycorrhizal
plants.

10. The prairie soil experiment, therefore, provides
acceptable and quantitative evidence (a) that mycor-
rhizae are concerned with the absorption of mineral salts
and (b) that pines are incapable of absorbing sufficient
nutrients to maintain growth in some soils when mycor-
rhizal fungi are lacking.

11. For pure culture studies special apparatus and
technique were devised whereby seedlings could be grown
in quantity under optimum (sand culture) physical en-
vironments. The special features of this apparatus in-
clude facilities for constant aeration, change of nutrients,
substrate aeration, and exposure to direct solar radia-
tion while maintaining constant temperatures by partial
or complete submergence in water.

12. Quantitative evidence was obtained in pure culture
that pine seedlings are apparently capable of utilizing
peptone with facility under the conditions of these experi-
ments. A similar but qualitative result was recorded
with nueleic acid. In both cases ammonium did not ap-
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pear in the substrates and hence nucleic acid and peptone
molecules were apparently absorbed by the intact pine
roots.

13. In pure culture mycorrhizae were produced in
quantity in a sand substrate which possessed appreciable
base-exchange properties and which was rich in undis-
solved minerals (fluvio-glacial sand). Mycorrhizae were
not produced in an inert sand substrate (silica sand)
which possessed a low base-exchange capacity, which
lacked insoluble minerals, or to which dissolved minerals
were added.

14. Comparative study of the structure and mor-
phology of mycorrhizal and non-mycorrhizal root systems
of pine seedlings raised in pure and open sand cultures
and in soil cultures, and of roots in nature, led to the
discarding of the idea that infection decreases the ab-
sorption surface areas.

15. The ‘‘absorbing’ surface area of short-roots is
increased through infection by mycorrhizal fungi in five
different ways as follows: (a) by continued elongation,
(b) by increase in diameter, (¢) by multiple tip develop-
ment, (d) by increasing the life of the cortex through the
action of the fungus in delaying suberization of the endo-
dermis and cortex, and (3) by acquiring the surface areas
of the mycorrhizal fungi either (1) as a parenchyma-like
mantle, (2) as individual hyphae extending from the
mantle into the soil, or (3) as mycelium connected to the
mycorrhizae by rhizomorphs.

16. Integration of these numerous data and of the
literature has led to the following tentative and in part
theoretical conclusions (interpretations):

A. The mycotrophic relationship in pine, and presum-
ably in other plants possessing ectotrophic mycorrhizae,
is a symbiotic mechanism which increases, chiefly by phys-
ical and therefore by relatively non-selective means, the
absorption of soil nutrients.

B. The greater absorption-capacity of mycorrhizal
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seedlings is brought about by, and is proportional to,
increases in the effective absorbing surface areas of
short-roots resulting from fungal invasion.

(. The magnitude of the surface area of short-roots,
and therefore the relative importance of mycorrhizae in
tree nutrition, is determined by the availability of soil
nutrients.

D. In fertile soils characterized by luxuriant supplies
of dissolved nutrients, mycorrhizae are rarely produced
and long-root tips serve as the chief organs of absorption.

K. In infertile soils possessing few dissolved salts,
where the nutrient elements are held in base-exchange
compounds, mycorrhizal short-roots become numerous,
their number and development being inversely propor-
tional to fertility.

F. It follows that as the availability of nutrients de-
creases mycorrhizal short-roots take on an increasing
share of seedling nutrition and eventually become the
only organs of absorption. ‘

G. The superior efficiency of fungi as compared with
roots in extracting nutrients from insoluble rocks and
from base-exchange materials is believed to center pri-
marily in the fact that the ratio ‘‘surface area/volume’’
is vastly greater in fungi than in roots and only second-
arily in the peculiar physiology of fungi which enables
them to utilize complex organic materials.

H. The benefits which acerue to mycorrhizal fungi
from association with tree roots are probably in the
nature of growth-promoting substances, since in Mono-
tropa carbohydrates as well as salts are obtained from
the fungus.

I. Susceptibility to infection by mycorrhizal fungi is
apparently controlled indirectly by the internal concen-
tration of nutrient elements in short-roots.

J. Trees are dependent on symbiotic association with
mycorrhizal fungi for their soil nutrients and therefore
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for their existence in all but the most fertile agricultural

soils.
17. The probable significance of this knowledge in for-
estation is suggested.



VIII. COMMENT

THE phenomenon of mycorrhiza-formation is of outstand-
ing scientific interest. It also has broad practical impli-
cations. Despite the fact that the mycorrhizae of forest
trees have been studied for over fifty years the entire
field of inquiry is characterized by confusion, contro-
versy, and disagreement.

Great difficulty is encountered and a high degree of
scholarship is required to reduce a mass of conflicting ob-
servations and hypotheses to a reasonable, clear-cut,
workable philosophy or theory. Furthermore, many
hazards inevitably are encountered in developing such a
philosophy or theory. Sins of omission and of commis-
sion are easily made. Some observations must be dis-
carded and rejected ; other observations must be accepted.
As Sir Thomas Browne remarked over two hundred and
fifty years ago, ‘‘To purchase a clear and warrantable
body of truth we must forget and part with much we
know.”” In this paper Dr. Hatch has discarded much and
put forth a clear-cut and simple explanation of the my-
corrhizal relationship in trees. When further research
uncovers additional facts on the formation and funection
of tree mycorrhizae it may be necessary to modify some-
what his conclusions but in the present state of knowledge
they appear justified and reasonable.

The Physical Basis of Mycotrophy in Pinus is a dis-
tinet forward step in a better understanding of tree my-
corrhizae. The important literature on the subject has
been reviewed critically and evaluated and a definite po-
sition is taken concerning the present status of the mycor-
rhizal problem. This in itself is a valuable contribution.
To one who has followed the mycorrhizal literature more
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or less critically for a considerable number of years it has
always appeared that most of such reviews ended largely
as they began—in confusion.

The experimental work reported in this paper shows
the inadequacy of the so-called organic nitrogen theory,
the errors in the pathogenic theory, and strengthens and
oxtends the so-called mineral salt theory first postulated
by Stahl in 1900. Furthermore, the study has reversed
completely earlier concepts on root morphology as influ-
enced by mycorrhizal fungi. Instead of retarding devel-
opment, it was found that mycorrhizal fungi stimulate
root development. The greater efficiency of mycorrhizae
(over root-hair-covered roots) is attributed to their much
oreater surface areas. This increase in absorption area
is indeed concluded to be the physical basis of mycotro-
phy in Pinus. In brief, the experimental data show
clearly that trees are dependent on symbiotic association
with mycorrhizal fungi for several soil nutrients, and
therefore for their existence, in all but the most fertile
soils. |

Dr. Hatch’s results will influence greatly many silvi-
cultural practices. More important still, they will serve
as a definite point of departure for additional investiga-
tive work. The Physical Basis of Mycotrophy in Pinus
clearly is an outstanding contribution to a better under-
standing of a highly important and exceedingly complex
scientific problem.

Hexry ScHMITZ,

Professor of Forestry,
University of Minnesota.
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