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FOREWORD

This bulletin presents the results of researches carried out
at the Imperial Forestry Institute, Oxford, between 1948 and
1953. It deals with the processes that go on when organic
material decays in the soil, and it is believed that its findings
will interest foresters and soil scientists in all parts of the

world.
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INTRODUCTION

SoiL is formed when rock undergoes changes known
as weathering, becomes colonised by plants and
animals, and the dead organic residues from plants
and animals are subjected to the action of chemical,
physical and biological agencies ; that is to say,
soil formation may be regarded as consisting of a
series of physical, chemical and biological processes.
For a long time it has been observed that the soils
resulting from such systems do not always have
the same properties and appearances even though
they may have developed from the same parent
mineral material and in the same climate. These
differences may be very striking, especially in the
case of forest soils, and have naturally led to
attempts at classification.

The characteristics used in the various classi-
fications have depended to some extent on the
purpose it was intended the classification should
serve. In some cases, especially those intended
for more or less specific purposes of practical
application, use is made of soil properties such as
colour, texture, organic matter content, pH, ex-
changeable cations, etc., either singly or in com-
bination. Soil maps showing the areal distribution
of soils having particular properties have been
made, and these may be of considerable value ;
e.g. for agricultural purposes, but such an approach
can give little information regarding the fundamental
causes underlying the formation of specific soils.
Soil classifications based on soil properties have
led to an indiscriminate terminology which has
resulted in confusion, particularly among workers
using different languages. Such classifications have
also led to differentiation into specific types of
soils, which, differing only in minor characteristics
because of slightly varying conditions of formation,
may possess the same fundamental characteristics.

Other systems of soil classification have made
use of the concept of soil maturity ; i.e. the variation
of soil properties or characteristics with time. In
one case a soil has been deemed mature if the
profile features are well developed, i.e. a strictly
morphological basis for differentiation; and in
another case a soil in equilibrium with its environ-
ment has been considered mature. The latter
alternative is dynamic in outlook and places emphasis
on soil forming processes, rather than profile
morphology, without, however, defining the pro-
cesses involved. On account of the relatively
slow speed of many soil reactions, and the conse-
quent difficulty in checking the validity of assess-

ments of soil maturity, any arrangement of soils
as a maturity series must be largely hypothetical
and speculative. An isolated observation for the
purpose of assessment of maturity may indicate
that a soil has the characteristics which are said
to be indicative of maturity ; e.g. a podzol which
has well developed profile features and is apparently
in equilibrium with its environment ; there are,
however, a number of examples of this apparently
mature (by definition) soil type undergoing reversible
change to an apparently fundamentally different
type under the influence of various factors, especially
the activities of man. In this connection Tamm
(1932) found the mosaic of soil types observed
whilst mapping the soils of an experimental forest
to be almost incomprehensible if soil forming
processes only take place in one direction, as
appears to be implied by the maturity concept,
whereas it could easily be understood by the assump-
tion of opposing processes. Therefore, unless one
is dealing with soils of regions of primeval vegetation
(and even here there are probably exceptions) of
which extremely few remain, or under conditions
of constancy of climate, organisms, parent material
and topography, the concept of maturity of a soil
has little meaning apart from its implication that
a dynamic system of processes is involved in soil
formation.

Hesselman (1925) was of the opinion that the
most important task for the soil scientist lies in
endeavouring to elucidate processes which go on
in the soil, and that not until such knowledge has
accumulated should a terminology be developed
and the various phenomena systematised, otherwise
a clearly formulated and permanently fixed termin-
ology may easily be a disadvantage. In recent
times, essentially the same opinion has been ex-
pressed by Jenny (1941)—ghat the assumptions on
which the selection of criteria for genetic or scien-
tific classification is based are theoretical and will
remain so until we achieve a more precise know-
ledge of the physical, chemical and biological
reactions occurring in soils. The absence of in-
formation regarding soil processes appears to have
been the source of much fruitless discussion
concerning the various supposed soil forming
factors.

Whereas many of the inorganic soil processes
proceed very slowly and are therefore not readily
subjected to experimental investigation, it is prob-
able that processes concerning the organic material
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go on sufficiently rapidly for experimental investiga-
tions to be possible.

A number of different processes or reactions
have been suggested as characteristic of biologically
different soils, but these have usually been the
results of field observations or proximate analyses
of one or more constituents of an undefined system,
and their validity has not been examined experi-
mentally. In the few instances where experimental
investigation has been carried out, the underlying
causes of the differences do not seem to have been
discovered.

From field observations Miiller (1879) found
considerable biological differences associated with
remarkable constancy with particular soils, but he
was careful to point out that even provided the
observations were correct, and the conclusions
regarding mutual coincidence in point of time and
association are also correct, it does not mean that
the items are really attached to one another as
cause and effect, since simultaneity and association
in any phenomena do not necessarily mean there
is any causal relationship between the two. Thus,
although beech mull is associated with the presence
of earthworms and beech mor is characterised by
a surface layer of organic matter bound together
by beech roots and fungal mycelium, we have not,
therefore, thrown light on what it is that brings

these two factors into existence each on its site ;
and it is probable that the faunistic and floristic
features of the soils should only be interpreted as
expressions of a condition encompassing a more
varied series of possibilities.

As Miiller showed, the processes constituting
soil formation form a labile and often reversible
system, and therefore any suggestions regarding
the basis of fundamental differences between soils
which do not allow of this variation are not likely
to be valid.

In the investigation of soil processes, as in the
investigation of chemical and biochemical pro-
cesses, it is essential to try and define the system
as precisely as possible and determine how various
factors influence or condition it.

Since the soil types described by Miiller can be
differentiated biologically, the processes going on
in them are likely to be fundamentally different,
and as these soils can also be differentiated mor-
phologically and thereby recognised in the field,
these contrasting soil types form a logical starting
point for investigations.

In the present work it is intended to examine
as far as possible the fundamental basis or causes
of the differences between the biologically different
soils described by Miiller from the point of view
outlined above. '



PART I. A SURVEY OF PREVIOUS WORK ON
MULL AND MOR IN RELATION TO FOREST SOILS

Chapter 1

THE BIOLOGICALLY DIFFERENT SOIL TYPES OF BEECH FORESTS
AS DESCRIBED BY P. E. MULLER

As a result of his studies on the beech woods, oak
forests and heaths of Denmark, P. E. Miiller (1879
and 1884) concluded that their soils could be
separated into two biologically distinct types.
These seemed to be so different in character, origin
and practical significance that investigations of the
topmost layer of soils could be most convemently
considered in relation to them. At the same time
he pointed out that there were also soils which
could be regarded as intermediate forms of the
extreme types. Miiller described the contrasting
soil types as they occur in association with beech
forests as follows.

The Soil of Beech Forests Growing on Mull

In the beech forest growing on mull the surface
of the soil is covered by a more or less thick layer
of forest detritus, leaves, small twigs, bud scales,
male catkins, fruit scales, etc., all lying loosely
on top of each other. Here and there a few leaves
can certainly be seen bound together by a dense
white mycelium, but the mass as a whole is in-
coherent and lies loosely on the soil surface. If this
leaf covering is removed, the underlying blackish-
brown or greyish-brown surface displays a granular
and lumpy appearance. The boundary between the
leaves and the soil, between the undecomposed
and the completely disintegrated and converted
organic remains, is usually quite sharp. On digging
down into the soil it is found to be as completely
friable as the best worked garden or field soil and
the foot sinks in at every step. The uppermost
13—3 inches of soil is darker in colour than the
rest, often very blackish-brown ; on drying it is
greyish-brown and has a granular or lumpy structure.
This layer passes over gradually into the material
which characterises the underlying soil usually to
a depth of 3—1} feet, frequently to a depth of 2
feet and very often to 3, 4 or 5 feet. The soil as
far down as this is quite friable and loose, the colour
may vary with locality, but is almost always com-
pletely uniform throughout the whole mass in the

same locality. Miiller included among the bio-
logical characteristics of the beech mull a thriving
growth of beech with vigorous height growth,
abundant leaf formation and smooth light bark.
The beech mull contains very many mycelia of the
most varied shape and colour ; the transparent
easily decomposed hyphae seem however to occur
in greater numbers. The ground flora contains
characteristic species such as Asperula odorata,
Mercurialis perennis, Milium effusum, Melica uniflora,
Stellaria nemorum, Oxalis acetosella and Anemone
nemorosa. He defined the beech mull as a deposit
of beech forest detrital material, rich in animal
life especially earthworms, converted to a loose
and incoherent layer in which the organic remains
are intimately mixed with the mineral soil, the
topmost soil down to a depth of } to 1 inch seeming
to consist almost exclusively of earthworm casts.

The Soil of Beech Forests Growing on Mor

In contrast, the soil of the fairly well stocked
beech forest on mor is firm and does not give way
under foot, the surface is so tough that even on
loose sandy soils the rain water may form puddles
when the mor has covered the surface of the soil ;
if, however, after a long spell of wet weather this
cover becomes thoroughly soaked through, it may
be as saturated with water as a sponge, whereas
the soil immediately underneath it is dry. When
a profile is exposed, the topmost layer of the soil
is seen to be a tough blackish-brown humus layer—
the mor. Below the mor, and more or less distinctly
demarcated from it, there usually lies a layer of
loose sand which entirely lacks the ochre yellow
colour so common in the soil mass of drift forma-
tions ; its colour varies from greyish-white to grey
or blackish-grey, as a rule lighter the farther it
extends from the mor layer. Beneath this there
is a darker coloured reddish-brown or brownish
soil layer and finally below this, friable clay, sand
or intermediate forms of these. Biologically Miiller
characterised the beech stands on mor sites as slow
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growing, the older trees being stagheaded, often
overgrown with lichens, and showing other signs
of an unhealthy condition. The beech roots occur
almost exclusively in the mor humus layers, where
there is also an immoderate production of a blackish-
brown mycelium, which is only found in small
quantities in the mull. The most characteristic
ground flora species of beech mor are Deschampsia
flexuosa and Trientalis europea, the proportions of
these varying according to the density of the stand.
In the inadequately thinned forest there is a rich
moss vegetation including Hypnum triquetrum,
Polytrichum formosum, Dicranum scoparium and
Leucobryum vulgare ; quite often these are accom-
panied by bilberry. The ground is only sparsely
covered by this vegetation, twigs and small sticks,
with here and there some leaf remains forming
the surface between these scattered and ungbtrusive
plants. Even at first glance, it is evident that there
must be a considerable difference between the
animal life of the mull and that of the mor, for
molehills do not disturb the even surface of the
mor. The mole, as well as its prey the earthworm,
is absolutely absent from true mor formation.
Miiller also states that entomologists consider mor
ground to be barren.

The mor can therefore be interpreted as a deposit
of the detrital mass from the beech forest, extremely

poor in animal life, bound together into a compact
peat by beech roots and a very durable mycelium.

Miiller (1884) also described similar biological
differences between the mull found under oak,
with its ground flora extraordinarily rich in species,
and the sharply contrasting mor associated with the
Calluna heath whose flora is very poor in species.
Miiller (1879) was of the opinion that the majority
of humus forms deposited on dry land could be
referred to one or other of these types, and that the
numerous variations and transition forms derive
their peculiarities essentially from the locality, its
flora and fauna.

The fact that Miiller’s differentiation of soils
into two main types has stood the test of time,
and has been accepted internationally, is a strong
indication of the importance of his ideas. He
concluded that the most remarkable and most
significant differences between the humus forms,
the dissimilar disintegration of the detrital masses
and dissimilar mixing with the mineral soil, must
be attributed to differences in the soil organisms
of the localities in question ; but, as pointed out
in the introduction, he was by no means certain
that they had the relationship of cause and effect ;
and he observed that here, as everywhere in nature,
a phenomenon is extremely seldom a simple result
of a single cause.

Chapter 2

SOIL-FORMING FACTORS IN RELATION TO MULL AND MOR

SINCE the outstanding work of Miiller, the develop-
ment of different soil types has been the subject
of a considerable amount of work, much of which
has been concerned with the so-called soil forming
factors. However, as pointed out by Romell
(1931), in spite of the correlation between type of
profile and humus type, the humus layer has been
somewhat negelected in such studies, perhaps on
account of the overwhelming influence of the
climatic concept, and seems often to be looked on
mercly as the tool of climate in soil formation.
Soil forming factors will only be considered here
insofar as they throw light on the processes occur-
ring in the organic matter of the two biologically
different uppermost soil layers, mull and mor.
During the evolution of the various systems of
soil classification, the geologic or lithological nature
of the parent material was considered to be the
soil forming factor most important in determining

the type of soil formed ; subsequently climate
came to be considered the most important soil
forming factor ; whilst more recently organisms,
especially vegetation, have been increasingly cited
as an important factor in soil formation.

As in the case of chemical, physical and bio-
chemical processes which are influenced by a
variety of factors, it is unlikely that the processes
of soil formation are at all times dominated by any
one and the same factor; i.e. a multivariable
system cannot be completely described or classified
on the basis of a single variable. A single factor
could only become universally dominant provided
all other factors were the same for all soils.

The geological or lithological factor
There are many instances (Tamm (1932) Hessel-

man (1925)) where it has been observed that under
conditions of climate and/or vegetation usually
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considered predisposed to mor formation, the
presence of inorganic bases, especially lime, in the
mineral matter of the soil appears to promote the
formation of mull. There are also observations
(e.g. Griffith, Hartwell and Shaw (1930)) showing
that mull and mor may develop side by side on
soils originally uniform in character and origin
of parent material, thereby indicating that a site
which allows of the development of mor cannot
necessarily prevent the formation of mull. It can
also be demonstrated that even though mor has
formed, it is often possible to change the mor to
mull, e.g. by a change of vegetation, without the
addition of inorganic bases, although this might
be expected to expedite the process. (Dimbleby
(1952b)).

Although it has been suggested that inorganic
bases neutralise the acidic products of decomposi-
tion, aid the processes of decomposition of organic
material by micro-organisms and, in base-rich
soils, give rise to litter containing larger concentra-
tions of mineral material which affect the decom-
position of organic constituents of the litter, the
nature of the part played by inorganic bases in
the soil processes leading to mull formation, does
not seem to have been demonstrated. The problem
of the nature of the influence of inorganic bases
is complicated by the apparent, though relatively
infrequent, occurrence of raw humus on limestone.
Coombe and White (1951) have described the cyclic
formation of peat on calcareous dolomite in western
Finnmark. In this region, although there is a long
annual period of low temperature, snow cover and
often high relative humidity, the annual rainfall
is low and the peat develops in the absence of
water-logging ; nor does a preliminary leaching
of the surface layers of the dolomite appear neces-
sary, although this may occur, before peat formation
can begin. Usually the peat forms over soils
which are still alkaline and contain free carbonate;
the peat itself in such cases is frequently alkaline,
having a reaction above pH 7.0, and sometimes
has particles of dolomite incorporated in it. Only
the lowest few centimetres of peat remain alkaline,
and it would seem that the surface is soon built
up to a level beyond the influence of alkaline
ground water. As the depth of the peat increases
and becomes more acid, the character of the vegeta-
tion changes, the original calcicoles being replaced
by plants more usually associated with an acid peat
flora, although a few of the calcicoles persist
for a very long time. In spite of the fact that it
seems certain that a depth of 10 cm. of peat can
accumulate within the life span of an individual
plant of Astragalus frigidus or Selaginella, the whole
area is not blanketed with peat, and after a certain
stage has been reached erosion of the peat can be

observed ; this is associated with the degeneration
of acidophilous dominants, and the appearance
in abundance of lichens, especially species of
Cladonia. When the upper acid peat has been
eroded away, leaving a few centimetres of alkaline
peat (reaction pH 7.82), calcicoles may colonise
this remaining peat, but they do not seem to be
able to prevent its complete erosion, and may not
re-establish themselves until all of the peat has
dispersed, when presumably the cycle commences
again and peat begins to accumulate once more.

Such phenomena do not appear to be restricted
to such relatively extreme climatic regions. Webb
(1947) has described a similar occurrence in the
more temperate climate of western Ireland. Carrow-
keel is a flat-topped hill having an altitude of 1,057
feet, and is composed of upper carboniferous lime-
stone almost horizontally bedded. The hill is grazed
to the summit by cattle, horses, sheep and goats,
and most of the moorland is fired at intervals.
Broadly speaking, grassland occurs below 650 feet;
moorland predominates above that level; the
transition zone has the form of a mosaic with areas
of moorland increasing in size as the hill is ascended.
Peat is always found beneath a moorland flora,
never beneath the grassland. The first patches of
peat appear (as the hill is ascended) at points
where the soil is shallow and drainage best; i.e. on
the crowns of rocky knolls breaking through the
soil. This is the opposite of the usual sequence
leading to the formation of calcareous heaths,
where calcicoles persist on the thin soil above
the protruding basic rocks. The transition to
moorland on Carrowkeel is associated with the
appearance of a large proportion of mosses among
the calcicolous plants, followed by an invasion of
Blechnum and Vaccinium myrtillus ;  with the
appearance of Calluna vulgaris, peat formation is
definitely established, and other moorland species
soon follow. Patches of limestone pavement, of
very pure limestone free from chert, occur at all
levels in the moorland up to the summit. Where
the pavement has not been invaded by the moor-
land association, the deeper crevices have a vegeta-
tion of woodland herbs and undershrubs similar
to that of the pavements of the Irish Burren and
north-west Yorkshire.

When the peat, which is often only 5—8 cm.
thick, is stripped off, there is usually no perceptible
layer of mineral soil between it and the limestone.
This can be clearly observed when healthy bushes
of Calluna vuigaris accompanied by Carex binervis
and other moorland species are rooted only in
peat which fills a solution hollow, 10—20 cm. deep,
in the limestone pavement. The peat is easily
pulled out intact, revealing the pure limestone
surface, in most cases with roots of the vegetation
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in intimate contact with it. The layer of peat in
contact with the rock is black and crumbling, and
has a reaction of pH 6.8—7.3. Peat also forms
readily on the smooth and level surfaces of fallen
limestone blocks, which support a luxuriant growth
of Calluna vulgaris. Such occurrences indicate
that neither good drainage nor base-rich water
is in itself an impediment to peat formation, and
Webb understandably concludes that these problerus
cannot be answered until we know more about
the nature of the peat and the manner of its
formation.

In a region far distant from those mentioned
above, Galloway (1940) describes the occurrence
of raw humus on dolomitic limestone outcrops.
This occurs on the Door Peninsula bordering Lake
Michigan at an altitude of 580—800 feet, the associ-
ated vegetation being composed chiefly of Thuja
occidentalis with some Abies balsamea, incidental
hardwoods and a ground vegetation limited to
sporadic occurrence of raw humus plants, such
as Maianthemum canadense and Cornus canadensis.
The soil profile shows a thin litter layer sharply
delineated from the lower layer, which varies from
4—10 inches in thickness, the lower part of which
grades into a narrow strip of nearly black, highly
dispersed organic matter, powdery when dry,
sticky when wet, which is incorporated to some
extent with weathered particles of limestone and
is underlain by unconsolidated rock substratum.
It is unfortunate that there is no mention as to
whether or not these sites have been subjected to
interference by fire, etc.; and there is no indication
of any vegetation succession phases similar to
those observed in Ireland and Finnmark.

Tansley (1939) also considers the occurrence of
calcifuge species and acid humus in close contact
with calcareous substrata. He regards the mixtures
of calcicolous and calcifuge species occurring on
chalk and limestone ‘“heaths” as conditioned by
grazing, and observes that whilst acid humus has
not been recorded in association with chalk there
is widespread formation of acid humus on the
much harder and older limestones. Here again
the sequence of vegetation phases consists of
pioneer lithophilous lichens and mosses, which give
rise to a thin layer of black humus which is subse-
quently colonised and largely dominated by a
calcicolous turf in which such species as Empetrum
nigrum and Calluna vulgaris occur. Calluna may
occur in pure patches on as little as 5 cm. depth of
humus, the rootlets being in contact with the
limestone rock. In some cases the fissures and
surface of the limestone pavement have black soil
whose reaction is pH 7 and which carries a rich
vegetation of woodland plants. Under these
conditions Fraxinus excelsior may become dominant.

On the coarse dry limestone of the island of
Gotland, Romell (1938) observed that where the
park meadows were subjected to heavy grazing
a poor type of coniferous forest with sparse vegeta-
tion developed, whereas when mowing and grazing
ceased an almost impenetrable wood of ash, hazel,
hawthorn and oak developed in 50 years.

Whilst calcareous rocks exhibit wide variation
in composition and physical properties, and con-
sequently in the speed and manner of weathering,
it does not seem possible to correlate any of these
variable properties with the formation of chalk or
limestone ‘‘heaths”, or the apparent development
of raw humus associated with the growth of calcifuge
species on limestone pavements. In many, if not
all, of the examples of this phenomenon it seems
likely that the calcifuge vegetation is largely induced
and maintained by grazing or fire, and that if not
interfered with such sites would become covered
by a scrub of broadleaved woody species or a modi-
fied ashwood, in neither case being associated with
raw humus. It may well be that the properties
of some limestones, e.g. purity and hardness, may
make them more prone to give rise to raw humus
formations; but the problem of how raw humus
materials remains. It is proposed to examine in
a subsequent section the mechanism of such excep-
tions to the generally observed influence of base-
rich mineral material on the type of soil formed.

The Climatic Factor

The influence of climate on soil formation has
been one of the most disputed problems of soil
science. Many investigations have resulted in the
conclusion that climate affects soil formation
through the influence of rainfall and temperature
on the chemical and biological processes of soil
formation, and more particularly in the case of
mor, by slowing down the rate of decomposition of
vegetable debris. In this connection Hesselman
(1925) declared that whilst in central Europe the
climate conditions mull formation, in Sweden the
climate conditions mor formation by depressing
the rate of decomposition of vegetable debris and
the rate of nitrogen mobilisation. Romell (1931)
quotes Glinka as asserting that an excess of humus
can arise by reason of slow decomposition brought
about by conditions of temperature and moisture
unfavourable for the activities of micro-organisms.
Waksman and Gerretsen (1931) carried out labora-
tory experiments to ascertain the influence of
temperature and moisture on the decomposition
of plant residue (straw) by micro-organisms. Their
results indicate that whilst over a period of 273
days there is considerably greater reduction in
amount of organic matter at 27,;C (81,F.) than at
7;C. (45,F.) (36.4% of original weight of material
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remains compared with 76.4 %) the difference in rate
of decomposition is largely restricted to the first
16 days, after which the rates are almost identical.
More recently Lutz and Chandler (1946) have
concluded that although the decomposition of plant
debris is influenced by many factors, it appears
that climate exerts a primary control. Robinson
(1949) considered that the effect of climate as a
pedogenic factor is principally through the effect
of rainfall and temperature on the decomposition
of organic matter.

Jenny (1941) has stated that the essential criteria
of a climatically determined soil type are similar
anatomical or morphological characteristics which
are preserved under a variety of geographical
environments and geological strata. No matter
what the parent material or topography, all soils
of a given climatic region must possess certain
definite features which are typical for the selected
climatic region. It is clear from field observations,
however, that there are many difficulties in the
way of acceptance of climate as a factor of over-
riding importance in soil formation. Thus, although
it is generally thought that the mor humus of the
forest soils of northern Scandinavia is climatically
conditioned, it is clear from the writings of Scandi-
navian workers that mull soils are by no means
unknown in these regions. Hesselman (1917) has
reported the occurrence of brown forest soils in
Norrland. Tamm (1932) states that mull soils
occur plentifully in mountain regions and advance
repeatedly into the podzol climate ; and also cites
Ramann’s observations on the freely occurring
brown earths in the mountains far distant from the
climatic region of the brown forest soil. A similar
phenomenon appears to have been recorded more
recently for thecentral mountain regions of Norway by
Lothe (1950); these brown forest soils are more acid in
reaction, pH 4.1, than the normal podzols, pH 4.8.

Although Romell (1935) appears to have sup-
ported the thesis that mor formation is climatically
predetermined, he does point out that activation
of mor can occur in such regions, and also that,
as shown by Miiller (1884) Hesselman (1925) and
Plice (1934), under uniform climatic and edaphic
conditions the composition of the stand has often
been observed to affect the type of humus layer ;
this is in agreement with the previously noted
findings of Griffith, Hartwell and Shaw (1930).
Beale (1951), commenting on the weaknesses of the
zonal classification of soils, points out that a podzol
strip is faithfully reproduced from map to map as
occurring along the south-east coast of Australia,
whereas in reality it is, as with the other so-called
soil zones of Australia, a mosaic of a number of
soil groups including, in this instance, podzols,
brown forest soils, etc.

In a recent exploratory study of Alaskan soils
Kellogg and Nygard (1951) investigated the climate,
vegetation and soils of this arctic and sub-arctic
region, and found discrepancies between the zonal
classification of soils and the soils to be found
in the field. Although the tundra soils have a
tough fibrous brown mat of organic matter on
the surface, this is underlain by a few inches of
dark-coloured humus-rich soil, which fades to
lighter coloured grey or mottled soil beneath,
down to permafrost or unaltered parent rock.
The characteristics may change abruptly at the
permafrost contact, but usually they change gradu-
ally, especially in the absence of permafrost. These
soils occur in both arctic and sub-arctic climatic
regions, with or without permafrost, and carry a
vegetation of hundreds of herbaceous flowering
plants, including many species of Compositae,
Claytonia, Linnaea borealis, Campanula sp. Mertensia
sp. as well as numerous shrubs and prostrate woody
plants such as Salix sp. and Alnus sp. on moist
sites whilst Betula nana, Ledum decumbens and
Vaccinium uliginosum are very characteristic. Rubus
arcticus and Rubus chamaemorus also occur. They
point out that whereas schematic maps of zonal
soils, based primarily on maps of soil genetic
factors, have indicated large areas of podzols in
Alaska, in fact most of the land where podzols are
expected is occupied by azonal or intrazonal soils;
well developed podzols with prominent genetic
horizons occupying only a small part of the total
area. The podzol soils encountered in Alaska
occurred within the Boreal forest of the interior
with perhaps some weakly developed examples in
the coastal forest, i.e. where interference by man
is likely to have been most pronounced. The
vegetation of these Alaskan podzols does not differ
greatly from that of podzols in the northern States.
The most strongly developed podzols in Alaska
are found in plant associations, often secondary,
consisting mainly of white birch, quaking aspen
and other poplars and white spruce trees, with an
undercover of dwarf heath shrubs and a ground
cover of mountain cranberry, crowberry, mosses,
lichens and Cornus canadensis. Kellogg and Nygard
describe a new intrazonal soil group which they
term the subarctic brown forest soils because of
their similarity to the brown forest soils of the
temperate regions. These occur within the region
of podzol soils in Alaska and merge with the tundra
in places. They are well drained soils with brown
surface horizons that merge through gradual
transitions to the parent material underneath.
Permafrost may or may not be coexistent but the
lower soil is normally too cold for much growth
of roots or micro-organisms. The subarctic brown
forest soils have acid organic layers on the surface,
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often including a fibrous or peaty mat. Usually
they are leached of free carbonates and in most
cases the surface horizon is slightly to strongly acid,
while lower layers are slightly acid or even neutral.
The ashy, light coloured, A* horizon characteristic
of podzols is lacking, although near the margin of
the transition to podzols there is a suggestion of it.
These subarctic brown forest soils appear to be
reasonably stable in this region, so that given the
parent materials and geomorphological processes
of the landscapes of which they form a part, it
cannot be postulated that they will in time become
podzols. They occur in a climate colder than that
characteristic of well developed podzols in North
America. The vegetation is similar to that of the
podzols, mixtures of white birch and white spruce
being most common ; willow and alder shrubs
are more plentiful than on the podzol but are most
numerous on poorly drained soils. Although its
peat-forming mosses and dwarf heaths become
established on the well-drained sub-arctic brown
forest soils, they are more prominent on the well-
drained podzols. Weakly developed crumb struc-
ture and worm casts may also be found in the
subarctic brown forest soils. It seems quite clear
therefore that brown forest soils and podzols can
exist together under the extremely cold climatic
conditions of Alaska. This- makes it even less
likely that climate is a dominant factor in the
differential formation of mull and mor.

The apparent occurrence of raw humus under
tropical conditions provides an equal or perhaps
more striking exception to the climatic theory of
mor formation. Although such phenomena have
been mentioned from time to time, in many cases
the descriptions seem to be inadequate for a correct
assessment of their relationship to the temperate
zone raw humus to be made, but in view of its
potential importance this aspect of mor formation
must be considered as closely as possible.

Tamm (1920) mentions that, in propounding
his rain factor theory, Lang demonstrated the
existence of raw humus in the tropical regions of
heavicst rainfall.

Wilde (1946) states that mor humus is formed
spasmodically in tropical rain forests, which may
perhaps be taken to indicate that raw humus and
other soil types occur side by side in the tropics.

Vageler (1933) describes the occurrence of
ortstein in the tropics and states that iron ortstein
occurs there principally in the light sandy soils
of the tropical forest peats and primeval forests.
It is not restricted to high altitudes and may even
occur at sea level where the humus has a very
acid reaction. The iron ortstein of the tropics,
like the humus ortstein of the temperate regions,
is always covered by a layer of bleached sand which

is often of considerable depth and is in turn overlain
by a layer of acid humus. In heavy soils these
formations are but poorly developed and may not
go further than changing the soil colour. The
distribution of bleached sands and iron ortstein
in the moist tropics has not yet been accurately
ascertained. They are probably almost as widely
distributed in the forest belts there, and especially
in the extensive swampy areas of the tropics, as
is ortstein in temperate climates.

From many of the descriptions it is not at all
clear whether this acid forest humus of the tropics
is formed in the absence of waterlogging or not.
Vageler states that forest peats have a much wider
distribution in the tropics and subtropics, both in
regions of heavy rainfall and also where the climate
is intermittently moist, than the swamps forming
in water courses and limited to certain places, since
the conditions necessary for the development of
swamps are not generally satisfied even in districts
of high rainfall. In spite of this he states that
forest peats extend to the sea coast as in Sumatra
and Borneo, and are to be regarded as the end
product of forest swamps which readily form in
badly drained depressions. Continuing his descrip-
tion of these forest peats Vageler states that they
can be formed from water which does not carry
much debris, provided excess water is present
sufficiently long to retard decomposition of the
dead plant matter so that gradual accumulation
of material takes place This process occurs
comparatively slowly as the species composing the
vegetation, which consists of certain characteristic
plants, do not grow particularly tall nor are they
luxuriant and produce relatively little organic
matter each year. In all regions where they occur
these tropical and subtropical peats have one
feature in common in that the surface layer of
humus is usually shallow, only here and there
does it exceed a yard in depth where depressions
of the subsoil have permitted an exceptional accumu-
lation of organic matter. As far as is known such
accumulations of organic matter are, without
exception, very acid. The subsoil below such peats,
if permeable, shows a thick layer of bleached sand
with iron ortstein or, less frequently, humus ortstein.
Where the soil is heavier it is usually discoloured
to a considerable depth. These forest peats have
developed over large areas in the region of the Upper
Congo and Lualaba, in the East Indies, in the
north of South America (particularly by the Amazon
and Orinoco rivers) as well as in Central America.
Reports indicate that a considerable part of New
Guinea has forest peat formations.

The tropical forest peats described by Vageler
appear to exhibit striking similarities to the raw
humus formations of temperate climates ; e.g. they
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are associated with comparatively small numbers
of plant species which are largely characteristic of
the soil type, and an acid layer of organic material
overlying a layer of bleached sand and ortstein.
Since, however, they appear to develop in association
with widespread and long continued waterlogging,
it is difficult to decide how far these tropical peats
.are comparable to the waterlogged peats of temper-
.ate regions or to the raw humus formations of
temperate regions, especially as Vageler considered
them as arising from forest swamps. -For a layer
of bleached sand to be formed over ortstein it
would seem that there must have been considerable
passage of freely draining water through the mineral
soil in the first place, (Vageler describes them as
-occurring principally on light sandy soils.) resulting
in an impermeable layer of ortstein whereupon
waterlogging and swamp conditions develop. Such
a process would be very similar to the bleached
:sand and pan formation found in the podzol of
temperate regions. It is likely that the leaching
may have been associated with a vegetation giving
rise to material similar to mor or raw humus of
temperate regions; in this connection Vageler observes
that certain tropical grasses such as Imperata
cylindrica vigorously promote ortstein formation in
.acid soils. Imperata cylindrica is not a swamp plant
and rapidly invades land cleared of forest.

Recent work by Jenny (1948) on the soils of
tropical rain forests in Columbia indicates that
organic matter accumulations, comparable with
temperate raw humus and associated with a horizon
of leached material, occur under conditions which
seem to preclude waterlogging. Jenny described
a yellow podzolic soil in the hot, equatorial and
humid regions of the Pacific lowlands. This soil,
occurring at an elevation of 140 metres on a Tertiary
alluvial ridge which emerges above the plain of
yellow soils consisting of Pleistocene deposits, has
a layer of raw humus 10 c¢cm. in depth which is
completely absent from the yellow soils. The
estimated mean annual temperature of the region
is 25—26,C. (77,F.) and the annual rainfall 200—
320 inches. The vegetation is rain forest of broad-
leaf trees and palms. The profile description
indicates that the soil has resemblances to the
podzols of temperate regions. Jenny also describes
the profile of a yellow soil occurring in the same
locality on a level site at an elevation of 100 feet
where the mean annual temperature was 25.6°C.
and the rainfall 336 inches in 1946. The vegetation
is dense tropical rain forest of broad-leaf trees
and palms. The parent material is alluvial terrace
(late Pleistocene) and the profile description bears
close resemblances to that of a mull soil of temperate
regions. A somewhat similar phenomenon appears
to have been recorded by Richards (1936) flor

Sarawak. He describes ‘“Heath Forests” whose
distribution coincided with that of sandy soil;
patches of loamy or clayey soil carried Mixed
Forest. The Heath Forest soils are of much lighter
texture, especially in the surface layer, than the
mixed forest soils, although they are derived from
the same rock. Richards comments that in general
these Heath Forest soils seem to resemble European
podzols. Climatic conditions are similar for the
Heath Forest and the Mixed Forest. The water
of the streams of the Heath Forest is orange brown
in colour whereas the water of the streams of the
Mixed Forest is colourless. The association of
black water with Heath Forest and white sand
soils appears to have been noticed in several parts
of Borneo. It seems possible that the relatively
small accumulation of surface organic matter under
these conditions may be the result of the high
rainfall continually washing organic matter in a
fine state of division through the sandy soil into
the streams; in temperate regions of comparatively
low rainfall this material would tend to accumulate
at the bottom of the leached layer. In the vegetation
of the Heath Forest the number of species is much
smaller than in the Mixed Forest, and some of the
species most plentifully represented in the Heath
Forest seem to be characteristic of it; e.g. Agathis
and Casuarina spp. The canopy of the Heath
Forest is much thinner than in the Mixed Forest,
and the undergrowth very dense but containing a
relatively small number of species. The herbaceous
ground flora of the Heath Forest is also poor in
species and Bryophytes are much more abundant
than in the Mixed Forest. Whilst conifers are
common in the Heath Forest they are absent from
the Mixed Forest. The leaves of the Heath Forest
trees are smaller and also tend to be thicker and
harder than those of the Mixed Forest. The Heath
Forest association appears to be widespread in
Borneo, and Richards is of the opinion that the
Wallaba forest of British Guiana is a closely similar
type in respect of structure and soil profile differ-
ences by comparison with adjacent Mixed Forest.
The Wallaba forest is dominated by members of
the Leguminosae and does not contain conifers.
In many parts of the Heath Forest it is as if every
individual plant in the Wallaba Forest had been
replaced by one of similar habit and general appear-
ance but of different systematic affinities. Davis
and Richards (1934) are of the opinion that there
has been much interference in the forests in the
Wallaba forest region.

Later Richards (1941 & 1952) discussed the
problem of lowland tropical podzols in some
detail, giving further descriptions of profiles (having
the characteristics of the podzols of temperate
regions) and vegetation in several tropical regions.
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and he appears to consider these soils as very
similar to podzols of temperate regions. These
lowland tropical podzols seem to be almost always,
if not invariably, associated with an unusual type
of vegetation which, in a number of instances at
least, appears to be secondary in nature and resulting
from biotic interference. Richards considers, in
some cases at least, that edaphic factors play a
considerable part in determining the occurrence
of this type of vegetation. The lowland tropical
podzols described occur side by side with tropical
red earths or tropical yellow earths.

Donis (1949) has recorded the occurrence of
podzolisation in yet another tropical region, the
Mayombe district of the Belgian Congo, in soils
occurring at an altitude of 300—330 metres (about
1,000 feet). Several profiles are described in which
there is a very shallow litter layer lying on a layer
of dark coloured sand up to 20 cm. in thickness;
then follows a thicker layer of greyish bleached
sand, a thick accumulation or B zone and finally
the parent material. These soils carry a vegetation
of forest or savannah; in the latter case the vegetation
contains a number of gramineous species including
Imperata cylindrica. Bush fires have occurred
irregularly, especially in the savannah areas; this
may account for the absence of a mor layer on the
surface of the soil. The rainfall in these regions
is of the order of 40 to 56 inches a year, which is
considerably less than the precipitation recorded
in other tropical regions where apparently similar
soils have been observed.

It seems probable therefore that there are in the
tropics, at low altitudes and occurring side by side
under conditions of high temperature and rainfall
but in the absence of waterlogging, contrasting soil
types equivalent to the soil types mull and mor of
temperate climates. From such considerations of
the suggested importance of climate in soil formation
it seems clear that there is insufficient evidence for
it to be regarded as an overriding factor governing
the processes of soil formation ; therefore an
investigation of the processes involved in the forma-
tion of mull and mor should not be hampered by
undue weight being attached to the possible influence
of climate. Thus, although soil formation may be
regarded as a system of chemical and biochemical
processes and therefore likely to be influenced to a
greater or lesser degree by temperature and moisture,
mull and mor apparently occur side by side through-
out the temperature range; and therefore factors
other than temperature seem to have an overriding
effect on the processes of soil formation.

The Influence of Topography

Observations made in north Sweden indicate
that under some circumstances topography influ-

ences the processes of soil formation. Although
the mechanism of such effects does not appear
to have been investigated the observations may
provide useful information when considered along
with other aspects of the problem.

Hesselman (1917) described the streamside vegeta-
tion, which shows marked differences from the
adjacent conifer forest throughout Sweden. These,
often extremely narrow, belts alongside streams
are characterised by a vegetation of grey alder,
birch and willow ; the shrub and moss covering
of the conifer forest being replaced by a distinctly
nitrophilous herb flora. These herb-rich belts
continue along the stream sides, above the limit
of the conifer forest, in association with birch and
even above the tree limit in the lower alpine regions.
He noted that the humus layer of these herb-rich
belts is of the mull type, but that the organic matter
is not so well mixed with the mineral soil as in the
true mull soil ; in addition there were sometimes
slight signs of podzolisation below the humus
layer. Hesselman thought that the moving stream
water was the important factor governing the
occurrence of these herb-rich belts.

In his studies on the soils of the north Swedish
conifer forests Tamm (1920) describes how, although
on the gentle to moderate slopes of morainic
material the podzol profile is usually normal and
similar to that found on the plateaux, on the steep
slopes the profile is often not that of a typical
podzol. He describes an example of this occurring
at Rokliden in Norrbotten where a fine spruce
stand, growing on a good mull soil with no signs
of a leached zone in the soil, occurs on the lowest,
very steep, bank of a swamped slope having an
abundant water supply. He also describes a
similar example in the same district at Svarttjirn
where a very porous rolled-gravel ridge provides
a ground-water outlet for a small lochan. Above
the level of the lochan normal podzolisation occurs
on the ridge, whereas below the level of the lochan
definite horizons are absent from profiles which
are uniformly brown and mull-like in appearance.
Commenting on these phenomena, Tamm is of the
opinion that the absence of development of a typical
podzol profile on steep slopes may be partly due
to the fact that the water runs off over the surface
and does not percolate to the same extent into the
ground, and partly to the fact that surface ground-
water streams, being relatively rapid and containing,
according to Hesselman (1910), an abundance of
oxygen, encourage herb-rich forest types in which
profiles develop differently. He sums up the
effect of topography as an indirect action on
podzolisation by reason of its effect on vegetation
which in turn acts on the processes of soil formation.
Tamm (1932), however, does not consider, although
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for what reason is not clear, that such soils properly
belong genetically to the true brown forest soil,
but he finds that separation of these two types of
brown forest soil in northern regions causes great
difficulty. He regards both the groundwater brown
forest soil and the calcareous variant as aclimatic
subtypes of the brown forest soil with mull and a
rich herbaceous flora. Tamm is of the opinion
that Ramann’s observations on the frequently
occurring brown earths in the mountains far
distant from the climatic region of the brown
forest soil were also made on this subtype. He
also notes that both the groundwater brown
forest soil and the calcareous brown forest soil
can be associated with coniferous forest, and in
both cases there is some factor which invariably
results in a rich ground flora. Such coniferous
forests with rich ground flora give rise to the same
soil formation as the southern broadleaved forest.
It is somewhat difficult therefore, in view of such
a statement, to understand why Tamm wishes to
separate these brown forest soils from those of
more southerly regions.

Romell (1935) comments that mull soils associ-
ated with flowing groundwater occur even in
regions very poor in lime. The effects of topo-
graphy on the processes of soil formation appear
to be associated with the development of a rich
ground vegetation, although the mechanism of
such effects is unknown. It seems possible that
the groundwater prevents either accidental or
designed burning on such sites, thereby preventing
the development of the vegetation usually associated
with mor formation.

The Influence of Vegetaﬁon

P. E. Miiller (1884) demonstrated that a change
in soil type occurred when a vegetation dominated
by Calluna vulgaris replaced oak forest. He also
stated that he knew of no vegetation whose residues
always come to lie on the soil in the form of mor,
but that it is unmistakeable that certain kinds of
vegetation more easily and more generally give
rise to mor formation than others. Miiller (1879)
also noted that when oak forest was replaced by
beech on siliceous, lime-poor soils, mor was pro-
duced, whereas on base-rich soils beech gave rise
to a mull soil.

In 1923-26 Bornebusch also discussed the distri-
bution of mull and mor in Denmark. He is of
the opinion that Denmark can be regarded as a
transition zone between the mid-European mild
humus region and the Scandinavian podzol region,
and that it is therefore to be expected that the
two soil types will be found occurring side by side
even under the same climatic conditions, this being
partly due to the nature of the subsoil and partly

to the nature of the vegetation. For the formation
of a podzol he regards it as necessary that there
shall be a vegetation whose litter will become raw
humus, and he mentions that in the Danish climate
raw humus will develop under a vegetation of ling,
bilberry and bracken and also beneath spruce on
the sandy soils of Jutland and North Zealand,
but not beneath spruce growing on the richer soils.
He thinks that much of the raw humus formed
beneath spruce is derived from mosses, and he
finds raw humus under beech to be associated with
ground unprotected against drought, or a stand
whose thinning has been neglected so that it is in
consequence very dense. Raw humus does not
form in oak woods unless the ground is covered
with bilberry.

Tamm (1920) recorded that conifer forest with an
understorey of Ericaceous shrubs, mosses and in
some cases lichens, is the most characteristic
vegetation of the podzol areas of north Sweden. If,
however, the ground flora of a conifer forest is
rich in herbs then a mull soil is likely to be found.
Writing about the brown forest soils of Sweden,
which he considers equivalent to Miiller’s mull
humus type, Tamm quotes Ramann as stating that
they correspond with the occurrence of deciduous
broad leaf forest, and that differences permitting
of the separation of these soils into those of warm
and cold regions were not discernible.

Hesselman (1925) also commented on the striking
effect on the soil exercised by a mixture of birch,
aspen, grey alder and similar trees in the Norrland
conifer forests. He noted that in spite of the
mixture of broad-leaved trees the soil did not
become mull in character, the organic matter lying
in a distinct layer, which is usually very loose and
friable in consistency, on the ground. The reaction
of the soil under these circumstances is often consid-
erably displaced in the alkaline direction compared
with that of the soil in the pure conifer forests.

In their studies on the types of humus layer in
the forests of north-eastern United States, Romell
and Heiberg (1931) concluded that in this region,
as in Europe, the mull is mainly a hardwood type,
but that it can sometimes persist also under white
pine and can even be found under pure hemlock
in a lime-influenced area. Observations showed
that crumb mull seems to be the normal soil type
in the redwood flats in the fog belt of California
and also in the coastal Douglas Fir region mull
was commonly observed. They frequently observed
that hardwood stands with mull contained a smaller
proportion of beech and more hard maple, etc.,
than those with duff. Certain more exacting
species, such as Tilia americana and Fraxinus
americana, seemed in New York to be strongly
correlated with the occurrence of crumb mull.
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More recently Braun (1950) has also commented
on the distribution of mull and mor in relation
to vegetation in the forests of the United States.
In the forests of coniferous and deciduous species
-on the Adirondacks “spruce flats” there is a fibrous
mor, but with local increases in the population of
Fagus grandifolia and Acer saccharum the fibrous
mor layer gives way to a mull-like humus and herbs
of the hardwood forest appear in the ground
vegetation. Whilst mull commonly develops under
mixed hardwood stands supporting a rich herbaceous
vegetation, mor commonly develops under conifers,
being particularly characteristic of the northern
coniferous or spruce-fir forest and of coniferous
communities in the hemlock - white pine-northern
hardwoods region. It is also stated that a hard-
wood type of mor is seen frequently in oak and
oak-chestnut forest on a non-calcareous substrata
which commonly supports an ericaceous shrub
layer and a sparse herbaceous flora of species very
different from those of the mull. Shallow podzols
with a laminated or fibrous mor layer occur on
dry slopes and ridges occupied by oak-chestnut or
oak-pine communities.

Locally where very abundant hemlock has caused
the formation of a deep mor layer, which almost
excludes herbaceous plants, Lunt (1932) observed,
in Connecticut, that podzols are more likely to be
found under hemlock, and that even in hemlock
hardwood mixtures the podzol may be confined
to mere patches beneath a few individual trees.
This very local occurrence of very small areas of
one soil type occurring in a much larger area of
the other soil type and associated with a different
vegetation has also been observed from much
earlier times. Thus P. E. Miiller (1884) noted
islands of mull beneath very small areas of oak
scrub in a sea of Calluna mor. Hesselman (1925)
describes the soil beneath an uprooted, but still
living, grey alder in the Kulbichsliden Forest. The
humus covering has altered, and beneath the crown
of the windfall it is friable and mull-like, whereas
outside the area of the grey alder crown there is
the normal raw humus of the conifer forest. The
margin between the two forms of humus follows
in the main the form of the crown of the uprooted
tree. Below the alder crown the reaction of the
humus layer is pH 5.0 and outside its influence
pH 4.0. The formation of very localised podzols
has been recently recorded by Wright (quoted by
Robinson (1949)) in the southern hemisphere under
isolated specimens of Kauri in New Zealand.
Vageler (1933) also reported the local production
of a miniature ortstein, from which no typical
characteristic is lacking, under almost every tuft
of Imperata cylindrica growing under tropical
conditions.

Such records of extremely localised occurrence
of the one soil type within a large area of the other
and associated with the occurrence of a different
vegetation, indicates that the establishment of a
vegetation known to be associated with mull on a
mor should result in the mor changing to mull
and vice versa. There are, in fact, a number of
observations of such instances.

Discussing the soil types of South Sweden,
Tamm (1932) is of the opinion that there the
brown forest soil is the climatically determined
soil type and describes its occurrence on the most
different parent deposits if the natural vegetation,
i.e. beech or oak forest, is growing there. Where,
however, the broadleaved forest has been replaced
by conifer forest or Calluna heath, as often happens
under the influence of man, podzols or brown
forest soils developing into podzols are found.
Tamm also describes the reverse phenomenon
whereby a mor becomes a mull. If beech or
conifers which are giving rise to mor are replaced
by birch then in time the ground flora becomes
rich in herbaceous species, grasses and dwarf
shrubs, the reaction becomes markedly less acid
and the mor ‘and leached horizon are converted
into mull. He also points out that if beech or
spruce colonise or are planted under the birch
on such soils then mor will be formed again.

Similar phenomena have been observed by
Fisher (1928) and Griffiths, Hartwell and Shaw
(1930) in New England, where white pine has
developed on abandoned fields. After 80 years
there is almost no vegetation under the white
pine and under the thin layer of dry needles there
is a thick layer of raw humus and a strongly podzol-
ised horizon. On an adjacent plot hardwood
forest has been developing on a similar white pine
plot which had a similar soil profile at the time the
white pine was removed ; now there is a true mull
profile, all accumulated raw humus has merged
with the mineral soil and less than a single year’s
leaf fall remains on the surface.

More recently Bornebusch (1943) has described
profound changes in soil type brought about through
the influence of Quercus borealis growing on mor
produced by Pinus sylvestris and Norway spruce
on sandy soils in Denmark. In 20 years the
horizons of the profile under the spruce raw humus
have become obscured ; the mor layer has for the
most part disappeared and is covered by the brown-
ish earthworm mull mixed with mineral soil. The
oak roots are abundantly spread through the whole
top soil and occur here and there in the subsoil
down to 48 inches depth. The fauna has also become
more characteristic of the mull soil type and con-
tained Lumbricus rubellus, mull soil arthropods and
large ground beetles.
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It seems clear that, as in the consideration of the
importance of lithological material and climate
as soil-forming factors, rigid conceptions of vegeta-
tion as the determining influence in soil formation
are inadequate to explain the observed facts. Thus,
whilst it cannot be shown that particular changes
in vegetation will under all conditions bring about
similar changes in soil type, it can be shown that
under some conditions when other factors remain
constant then a change of vegetation will bring
about a change in soil type. As a working general-
isation it can be said that in temperate climates
coniferous, ericaceous and, in some instances,
beech vegetation is likely to be associated with
mor, whilst other broad-leaved trees and shrubs and
herbaceous ground flora are likely to be associated
with mull.

In a number of the examples quoted above of
the influence of changes of vegetation on the type
of soil formed, the changes in vegeation have been
the result of the activities of man. It therefore
seems desirable to consider the importance of the
activities of man, by his influence on the floristic
composition of vegetation, in relation to the geo-
graphical distribution of mull and mor. For
example, where there are large areas of mor is
this the result of segregation of certain vegetation
forms by man for economic or other reasons, or
is it the result of agencies other than the activities
of man ?

Although soil cannot be formed in the absence
of vegetation or vegetable debris, the view has
been put forward that vegetation cannot be regarded
as an independent factor in 'soil formation since
the distribution of plant species is closely governed
by geology and climate. Whilst the floristic
composition of the vegetation on a particular site
may be determined by factors such as climate and
geological characteristics, this does not necessarily
mean that if vegetation were allowed to develop
on a site free from direct or indirect interference
by man it would of necessity, in some cases, be
composed only of species which give rise to raw
humus solely on account of the influence of climatic
and geological factors.

It is becoming increasingly apparent that it is
extremely difficult to find areas of vegetation which
have not been interfered with to any greater extent
than by animals in equilibrium with their predators.
In addition there is uncertainty regarding the
ultimate structure of such vegetation (Jones (1945))
so that it may not yet be possible to recognise areas
of vegetation of this nature. Descriptions of remote
areas, in temperate regions, which would seem to
have been immune from the activities of man, do
not usually include accounts of the associated soils.
But the vegetation of these areas, except possibly

in certain exceptional areas where natural fires or
other widespread natural catastrophies are said to
result in a vegetation containing only one species
of tree, usually a conifer, appears to consist of a
mixture of species which elsewhere would give rise
to a mull soil. In view of the difficulties and un-
certainties of this line of approach it may be useful
to consider the problem from other angles.

As a result of his studies on forest soils which
had developed from very different kinds of parent
mineral material, calcareous, clayey and siliceous
material, Duchaufour (1950) is of the opinion that
when they reach stable equilibrium with their
respective stable forest vegetation associations, the
soils are essentially the same, that is, a brown soil
slightly leached. The development of these soils
is therefore relatively independent of the parent
mineral material, the two chief factors influencing
the development of the soil being the micro-climate
of the forest and the properties of the forest humus.
When, however, such forests are destroyed the soil
developing as a result of degradation is closely
dependent on the type of parent mineral material ;
on calcareous material a rendzina develops, on
clay a peat with gleying, and on sand a podzolised
soil develops.

Looking at the problem from another angle it
has been demonstrated in some cases that long
established mor has taken the place of mull by a
change in vegetation, due to the activities of man.
Taking the heathlands of temperate regions as an
example, those which occur in association with a
podzol in an advanced stage of development have
existed since before the earliest historical records;
and there now seems little doubt that they arose
after man cleared the forest which had developed
on these sites after glaciation. Pollen analyses
have shown that the vegetation before the establish-
ment of the heathland was of such a composition
that the soil was undoubtedly mull in type.
(Dimbleby (1952a).)

It is known that burning either by accident or
design is one of the chief factors in the maintenance
of the heathland. In the absence of such inter-
ference it seems doubtful whether mor could
maintain itself indefinitely, as it would appear to
be a most unstable system. A vegetation which
continues to be composed predominantly or solely
of species giving rise to mor would, as the depth
of mor increases, find it increasingly difficult to
perpetuate itself (Hesselman (1925)), until finally
there was no growth of autotrophic plants. At this
stage erosion of the mor will probably occur similar
to that described by Pearsall (1950) for peats.
Subsequently, if seed is available, it seems likely
that if the site were protected from fire and other
activities of man the vegetation arising would be
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of such a composition that it would give rise to a
mull soil. It will be recalled that when mor which
has developed on limestone disintegrates, recolon-
isation is by calcicoles.

On the other hand the indications are that mor,
protected from burning but with no other inter-
ference by man, would, if seed were available,
very probably become colonised by mull-forming
species ; e.g. the invasion of heathlands by birch,
and in course of time a mull soil would be formed.

If one concludes that the segregation of species
giving rise to mor is the result of the activities of
man, the questions of the autecological position
of species giving rise to mor, and the occurrence
of local areas, often beneath individual trees, of
mor in mixed forest, have to be resolved. In
addition there is the problem of the apparent
continuity of an association containing only a
mor-producing conifer as the tree species.

Under the influence of the activities of man,
Calluna vulgaris may occur as the dominant species
over large areas and give rise to mor. It can also
occur however as healthy isolated individuals in
a herbaceous vegetation and under these conditions
the influence of the debris from the herbaceous
vegetation Wwill prevent the formation of mor even
over a long period of time. The position is probably
somewhat similar in the case of apparently stable
forest communities with a conifer as the only tree
species, for in many instances the forest is open and
between the trees there is a herbaceous ground
vegetation, though here there may be accumulation
of debris and mor formation beneath the crown
of each individual during its considerably longer
life than in the case of a species such as Calluna.
Such a system is very similar to that in which local
areas of mor are formed, even beneath individual
trees, in the mixed forest. JIn these cases it is
probable that on the death of an individual the
mor formed beneath it would be colonised by
mull-forming herbs or shrubs and in due course

a mull soil would be established again. In the
meantime the progeny of the mor-forming species
would be maintaining the species by colonisation
of a recently vacated adjacent mull site and in
due course the newly occupied site would come to
have a layer of mor on it. We have therefore a
system in which mull alternates with mor at more
or less irregular intervals depending on which areas
of mull are colonised by individuals of the mor-
forming species.

To sum up the influence of these soil-forming
factors on mull and mor formation it can be said
that whatever the influence of climatic factors on
soil formation may be, it seems quite clear that
the biologically different soil types described by
Miiller can occur side by side in regions of widely
differing climate. The formation of these different
soil types side by side seems to be influenced by the
lithological nature of the mineral materials of the
soil and especially by the nature of the vegetation
growing on the soil. It seems quite clear that the
debris from mull-forming species can exert con-
siderable influence on the debris from potential
mor-forming species in the prevention of mor
formation.

Thus, although some indication of the factors
concerned with the occurrence of mull and mor
has been obtained, these yield little if any informa-
tion regarding the detailed mechanism of the causes
of their occurrence. Since mull and mor types
seem to be components of a reversible system,
the characterisation of the reversible process or
processes involved is necessary for an understanding
of these very different uppermost soil layers. In
view of the apparent importance of the species
from which the vegetable debris is derived in
relation to the type of soil being formed, it seems
desirable to ascertain first of all whether there are
any characteristic qualitative or quantitative differ-
ences between the vegetable debris giving rise to
the two types of soil.

Chapter 3

THE CHARACTERISTICS OF VEGETABLE DEBRIS IN RELATION TO
THE FORMATION OF MULL AND MOR

The Amount of Litter Falling each Year on Unit
Area of Mull and Mor Sites

ONE of the most striking differences between mull
and mor is the apparent difference in amount and
distribution of organic matter. It seems possible
that the large amounts of organic matter lying on

the surface of the mineral soil in the case of the
mor could be related to considerable difference in
the amounts of vegetable debris falling on unit
area in the two cases. Of the relatively small
number of investigations of the amount of litter
falling per unit area per annum very few have
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been concerned with the type of soil on which the
vegetation was growing.

Ebermayer (1876) gave the results of a large
number of observations made in the Bavarian State
Forests. The forests were of beech, spruce and
pine growing in pure stands and in mixture, in
some cases along with small numbers of other
species, on soils derived from different kinds of
parent mineral material and at various altitudes
between about 200—1,100 metres above sea-level.
Although the soils associated with the stands are
described to a certain extent it is difficult to ascertain
when they correspond to mull or mor. The results
do not seem to point to a correlation between soil
type and amount of litter falling on the site. There
is also much variation from year to year within
one and the same stand and between different
stands and different tree species, the range being
approximately 2,000—6,000 kilograms of air-dry
litter, containing about 149 moisture, per hectare
per annum, with most values about the mean of
this range independent of soil and species. Accord-
ing to Biisgen and Miinch and Thomson (1929)
Ney has criticised the methods used by Ebermayer
for collection of the material. Ebermayer (1876)
apparently used the methods described in Forstliche
Mitteilungen, but neither this nor Ney’s criticism
have been available for consultation.

The amount of the annual leaf fall from a number
of hardwood and conifer species growing on a
number of sites at various altitudes was determined
by Ohmasa and Mori (1937). Although there do
not appear to be any descriptions of the soils on
which the trees were growing, these authors found,
as did Ebermayer, that there is considerable variation
in the amount of leaf fall for different plots of the
same species in the same year and on the same
plot from year to year for both conifer and broad-
leaved species. Generally the variations in actual
amount of leaf fall show close similarities to those
obtained by Ebermayer (1876) although a number
of the values are far below any of those obtained
by Ebermayer ; these values do not seem to be
explained by considerations of age or density of
the stand.

A number of observations have also been made
in North American forests. Alway and Zon (1930)
made measurements of litter production in mixed,
unthinned stands of jack pine, Norway pine and
white pine growing on sandy soil of low produc-
tivity. Although the uppermost soil layer is not
described it is possibly of the mor type. They
found that the average fall of litter in 12 months
amounted to 1,738 lbs. per acre on an oven-dry
basis, the amount varying as much as 25%, from
one plot to another in the same year and almost as
much on the same plot from one year to the next.

Heyward and Barnette (1936) measured the litter
falling from second growth long leaf and slash
pine stands growing on what was previously a mull
soil developed on fine sands and fine sandy clay
deficient in lime and having a reaction of pH
4.0—5.5, the ground vegetation being suppressed
by the layer of accumulating pine needles. The
annual needlefall was found to vary between 2,400
and 3,500 pounds per acre on an oven-dry basis.

More recent observations on litter production
in American forests are those of Chandler (1941
and 1943). In the first paper Chandler deals with
litter production in the hardwood forests of central
New York. The measurements were made in
several hardwood stands on two different soil
types. The one group of soils, coarse mull, reaction
pH 5.9—6.7, developed on lime containing mineral
material and the other group, having matted mor,
reaction pH 4.5, on sandstones and shales (Howe
(1935)). All the areas had closed stands of mixed
second growth hardwoods, the age of the dominant
trees varying between 30 and 70 years. 26 samples
were examined from the coarse mull sites and 24
from the matted mor sites. The stands on the
calcareous soils contained a higher proportion of
Tilia americana whilst the soils with matted mor
had stands containing a large proportion of Acer
saccharum, Quercus borealis var. maxima and Fagus
grandifolia with few Tilia americana. The nature
of the ground vegetation is not stated. Samples
of freshly fallen litter were collected, from within
wire frames enclosing a known area, at the con-
clusion of leaf fall, and dried at about 70°C. and
weighed. On the calcareous soils the amount of
the current season’s litter varied between about
2,600 and 3,000 lbs. per acre and for the more
acid soils between about 2,400 and 2,700 lbs. per
acre. If mean values are obtained the differences in
litter production per acre between the more produc-
tive and the less productive soils amounts to 236
Ibs. and although this is statistically significant
Chandler is of the opinion that large differences
in the amount of litter-fall due to differences in
site quality should not be expected.

Chandler (1943) has also made observations on
litter production by some of the conifers of North-
Eastern America. Pure stands of conifers are
difficult to locate in this hardwood region and
the ages of the stands chosen vary considerably
from 24 year-old-plantations to 150-year-old
stands. Three plantations near Ithaca were growing
on brown forest soils developed on Dunkirk silty
clay loam and those in the Adirondacks were
growing on an acid podzol. The litter was collected
at intervals from particular sections of a series of
four burlap cloths placed on the ground under
each stand. The samples were dried at 70°C.
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The results indicate that a 24-year-old white pine
plantation growing on a brown forest soil yielded
2,732 1bs. of litter (dried at 70°C.) per acre in one
year whilst a 65-year-old white pine stand growing
on a podzol in the Adirondacks yielded 2,730 lbs.
of litter (dried at 70°C.) per acre per annum. Picea
rubens, Tsuga canadensis, Thuja occidentalis and
Abies balsamea. growing on podzol soils in the
Adirondacks gave yields varying from about
1,300—2,570 1bs. of litter (dried at 70°C.) per acre
per year. Pinus resinosa and Picea abies growing
on brown forest soils gave yields of about 3,360
1bs. of litter (dried at 70°C.) per acre per annum.

Pearsall (1945) has commented on the apparent
lack of data for this country concerning the amount
of litter deposited on a natural soil annually. He
made observations on the litter falling on the ground
in various types of oak wood in Hertfordshire
during the period of leaf fall. The results of these
observations are given as grammes of dry material
per square metre although whether oven or air
dryisnotstated. Theaverage weight of leaves falling
on the ten normal sites, presumably with mull soil,
is 9,390 kgms. per hectare varying between 6,620
and 13,400 kgms. per hectare. The average weight
of debris when twigs are included is 16,070 kgms.
per hectare. Such values are considerably greater
than those recorded for soils with mor layers.

Estimates of litter production have also been
made in Scandinavia in recent years. Knudsen
and Mauritz-Hansson (1939) observed that an
almost pure birch stand of average age 35 years
and with a rich, largely non-ericaceous shrub and
ground vegetation growing on a brown earth in
central Sweden yielded 1,865 kgms. of air-dry
(at 17°C.) litter per hectare during the period of
leaf fall (7/9—21/11) in 1938. The litter was
collected after it had fallen into metal containers
50 cms. x 50 cms. x 50 cms. placed on the ground
and when air dry it had a moisture content of
10.4 per cent.

In a 90-year-old spruce stand near Stockholm,
probably growing on a mull soil, Lindberg and
Norming (1943) collected the litter falling between
19/11 1939 and 19/11 1940 in 10 sampling tins each
300cms. x 70 cms. x 10 cms. and found that approxi-
matzly 3,364 kgms. of air-dry material (containing
91.86%; of dry matter) fell on one hectare.

A little later Andersson and Enander (1948) used
collecting tins to ascertain the amount of litter
falling on the forest floor beneath a 62-year-old
aspen stand near Stockholm, growing on a mull
soil having a very rich ground flora. The litter
collected between 29/9 and 21/12 amounted to
1,958 2174 kgms. of air-dry material per hectare.
Collections made in 1941 and 1942 when there
was a small admixture of birch and hazel leaves

gave values of 2,078 £99 and 2,120+133 kgms. of
air-dry material, having a dry matter content of
92.18 %, per hectare respectively.

By the collection of falling litter in containers
20 cms. in height and 19.5 cms. internal diameter
Mork (1942) has made observations on a number
of spruce and birch stands growing at varying
altitudes above sea-level ; the type of soil on which
the various stands are growing is not clearly indicated
in all cases. The amount of needle fall per year for
a 40-year-old spruce stand, containing a small
admixture of birch and growing at As on a site
80 metres above sea-level, for the years between
1939 and 1942 was calculated to vary between
2,123 and 2,665 kgms. per hectare. The litter of
other species, including birch, falling on the same
area during the same period varied between 381 and
634 kgms. per hectare per annum. For a 63-year-
old spruce forest growing at Veldre (180 metres
above sea-level) and a 50-year-old herb-rich birch
forest, probably growing on mull soil, in the same
district, Mork obtained values of 1,517 kgms. spruce
needles (total litter 1,883 kgms.) per hectare and
1,269 kgms. birch leaves (total litter 1,876 kgms.)
per hectare respectively for the litter falling on the
ground. He also compared the litter fall in 140-
year-old spruce, 100-year-old birch and 200-year-
old pine forests at Hirkjolen 800 metres above sea-
level. The soil was a brown earth in the case of
the Geranium-type spruce and herb-rich birch
forests and probably had a mor layer in the Calluna-
Cladonia-type forest. In each case the litter fall
was measured over a period of 6 years. The
average values obtained for the litter fall per annum
were :—

Spruce needles 810 kgms. dry weight per
hectare (total litter 1,465 kgms. per hectare)
Birch litter 629 kgms. per hectare (total litter

799 kgms. per hectare)

Pine needles 391 kgms. per hectare (total litter

797 kgms. per hectare)

These various observations show that there can
be very wide variations in the amount of litter
produced by forests growing in different places and
on different soil types. Although comparisons are
not easy to make, there are definite indications that
there is probably no fundamental difference between
the amount of litter falling on a mull soil and that
falling on a soil with a mor layer on otherwise
similar sites. In other words, there is no reason
to believe that the cause of mull and mor formation
lies in differential amounts of litter falling on the
respective sites.

The Mineral Composition of Litter

The reason for tht association of certain plant
species with the development of different soil types
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has been ascribed by some investigators to differ-
ences in the content of inorganic material, especially
basic substances, in their litter. These differences
have been based on chemical analyses; but it is
essential to bear in mind that similar contents of
a given substance in biological materials of different
origin, as determined by chemical analysis, may
not necessarily mean that these materials will be
identical in those biological properties which are
associated with this particular substance. Assess-
ments of this kind must await the development of
suitable bio-assay techniques.

Considering the chemical analyses of litter giving
rise to different soil types Plice (1934) has pointed
out the difficulties of obtaining suitable comparable
samples of litter and that few investigators seem
to have taken the necessary precautions.

Observations indicate that litter from different
individuals of the same species may have rather
widely differing contents of mineral material. Melin
(1930) analysed samples of freshly fallen litter from a
number of North American trees of both conifer and
broad leaf species. In some cases litter from the same
species from more than one site, the soil types of
which are not indicated, was examined. Values
for nitrogen and ash contents were obtained which
show wide variations for litter from the same
species, Betula papyrifera, Fagus grandifolia and
Pinus strobus, growing on different sites. Hessel-
man’s (1925) observations, although here again
the soil types on which the trees from which the
specimens were collected are not specified, also
show variations in some cases of ash and CaO
contents of the litter of the same species growing
in different localities ; e.g. in the case of litter from
Pinus sylvestris, Alnus incana, Betula verrucosa,
Populus tremula and Salix caprea; on the other
hand litter samples from Picea abies, Vaccinium
vitis idaea, Betula pubescens, Fagus sylvatica and
Quercus robur showed little or no variation, although
the number of samples in each case is only 2 or 3.
Hesselman also estimated what he terms assimilable
lime, that is lime soluble in ammonium chloride,
but such observations would appear to have little
if any relation to biological processes.

Wittich (1943) states that the litter from beech
growing on ground moraine has approximately
twice the calcium content as litter from beech
growing on sand. He found the calcium content
to vary characteristically between species growing
on the same site, thus beech litter contains more
calcium than pine litter and ash litter four times
as much calcium as larch litter when the trees are
growing on the same site. On the other hand the
calcium content of the litter varies very much with
the site, so that pine litter from trees growing on

glacial loam contains more calcium than beech
litter from trees growing on poor sand. Wittich
(1947) makes the generalisation that the litter of
the broad leaf tree species containing the smallest
amount of calcium contains more calcium than
the litter of the conifer species containing most
calcium, when the trees are growing on the same
soil. He also points out that grass litter, which
decomposes readily, has a very low calcium content,
to the extent that the litter of the grass species
(Dactylis glomerata) containing the highest con-
centration of calcium contained ondy half as much
calcium as the litter of the broad-leaved tree species,
beech growing on sand, containing the smallest
concentration of calcium.

Comparatively few observations seem to have
been made on the composition of the litter from
vegetation growing on mull and mor. Bornebusch
(1930) compared the newly fallen leaves from beech
growing on mull with those from beech growing
on mor. Although the subsequent behaviour of
such litter would be quite different in the two cases
their initial reaction and total nitrogen content
were very nearly the same, the nitrogen content
being slightly higher in the case of the litter from
the mor site.

The litter, dried over phosphorus pentoxide,
from birch trees growing on mull soil in central
Sweden was found by Knudsen and Mauritz-
Hansson (1939) to contain 5.01 %{ ash, 1.029%{ total
nitrogen, 1.87%; Ca0, 0.52%; K,O and 0.12%; P,O,.
For aspen growing on mull soil near Stockholm,
Andersson and Enander (1948) found the water-free
litter to contain 9.53% ash, 3.34%, CaO, 0.98%;
K,O, 0.129% P,O, and 0.58% N,.

Mork (1942) collected leaves, at the time of leaf
fall, from ten birch trees growing on a brown earth
and also from ten birch trees growing on an iron
podzol. In each case the leaves from five of the
trees were yellow, from two of the trees greenish-
yellow and from the remaining three trees green.
The leaves were dried at 100° C. and ash for chemical
analysis obtained by incinerating at 575° C. The
following analytical results, mean values for 10
trees, were obtained as percentages of dry matter
and percentages of ash. (Table 1.)

These findings indicate that whilst the mean
CaO content of the leaves from the trees growing
on the brown earth is considerably greater than
that of leaves from trees growing on the iron
podzol, the mean nitrogen content is the same
in both cases and the P,0O, and K,O contents are
considerably higher in the leaves from the trees
growing on the iron podzol.

Analyses of oven dried (70° C.), freshly fallen,
litter from a number of coniferous species, including
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TABLE 1
Percentage of Dry Matter Ash Percentage of Ash
percentage
CaO K,O P,O; N, Ca0 K,O PO,

Leaves from birch trees grow- 2.166 0.658 0.197 1.251 5.669 38.23 11.70 3.435

ing on brown soil +0.305 | +0.253 | +£0.077 | =1.126 +0.718 | £3.179 | +4.603 | +1.1094
Leaves from birch trees grow- 1.359 0.807 0.517 1.249 4.496 30.07 18.23 11.89

ing on iron podzol +0.308 | +0.182 | +£0.100 | +0.490 +0.607 | +4.791 | +4.857 | +2.487

1

white pine growing on both mull and mor sites,
were made by Chandler (1943) and the following
results obtained. (Table 2.)

If the moisture content of the different samples
dried at 70° C. can be assumed to be the same, then
there would appear to be no characteristic differ-
ences between the mineral constituents of litter
from trees growing on mull sites and those of trees
growing on mor sites. It is unfortunate that, in
view of the difficulty of locating pure stands, a
considerable age spread of the stands had to be
accepted. The nitrogen content of the litter of
Pinus strobus growing on mor is higher than that
of litter from Pinus strobus growing on mull and
thereby resembles the findings of Bornebusch
(1930) for beech litter.

Chandler (1941) carried out similar investigations
on the litter of hardwood species growing on crumb
mull soils and also on what are stated to be mor
sites, and obtained the following results for litter
dried at 70°C. (Table 3.)

The values for both the mull and mor soil samples
represent the average values for three sites.

The average values for N, P, K, and Ca contents
are in a number of cases higher for litter samples
from trees growing on mor sites than for litter
from the same tree species growing on mull soils.
The nitrogen content of Fagus grandifolia litter
from a mor site is greater than for litter from a
mull site, which again resembles the findings for
Fagus sylvatica by Bornebusch (1930). The average

values for N, P, K and Ca contents of the litter of
all species are either very nearly equal or slightly
greater for samples from the mor sites than for
samples from the mull sites. In the case of Mg
the average value for all species is slightly less for
litter samples from the mor sites than for samples
from the mull sites.

Plice (1934) ascertained the calcium content of
the litter of maple and beech, both growing on
both mull and mor sites. In the case of both
species the litter from the mor site contained
slightly less calcium than the litter from the mull
sites but the species difference was maintained.

These various observations taken together seem
to indicate that the mineral content of litter can
show more or less large variations in material from
the same species growing on different sites, but that
these variations are not usually so great as the
differences between different species growing on
the same site. The litter of various species growing
on mull and mor sites may show differences in
content of mineral elements which are positively
or negatively related to each other according to
the mineral element concerned ; these differences
are not necessarily always in the same direction
for any particular mineral element when pairs or
groups of species are being considered. Whilst
it seems to be the case that the litter of plant species
usually associated with mor sites generally has
rather low contents of the various mineral elements
compared with those of the litter of species usually

TABLE 2
As percentages of oven dry (70° C) weight
Age of Species
stand Ca Mg K P N
25 yrs. Pinus resinosa (mull) 0.58 0.18 0.35 0.07 0.69
65 yrs. Pinus strobus (mor) .... 0.60 0.16 0.18 0.05 1.14
65 yrs. Pinus strobus (mull) 0.60 0.21 0.18 0.07 1.00
150 yrs. Thuja canadensis (mor) 0.68 0.14 0.27 0.07 1.05
150 yrs. Picea rubens (mor) 0.79 0.20 0.35 0.10 0.89
25 yrs. Abies balsamea (mor) 1.12 0.16 0.12 0.09 1.25
25 yrs. Picea abies (mull) ... 1.96 0.23 0.39 0.09 1.02
65 yrs. Thuja occidentalis (mor) 2.16 0.15 0.25 0.04 0.60
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TABLE 3

Nitrogen Phosphorus | Potassium Calcium Magnesia

content 9%, content 9%, content 9, content %, content 9%,

Tree species
Mull | Mor | Mull | Mor | Mull | Mor | Mull | Mor | Mull | Mor
Tilia americana 1.04 | 1.14 [ 0.14 | 0.17 | 0.39 | 0.66 | 3.24 | 3.22 | 0.39 | 0.28
Liriodendron tulipifera .... 0.51 — ] o0.11 — | 0.95 — ] 2.56 — | 045 —
Hicoria cordiformis ... 1068 {067 |0.10 | 0.13 | 045 | 043 | 3.41 | 3.41 | 0.50 | 0.60
Populus tremuloides and P. grandidentata | 0.70 { 0.77 | 0.08 | 0.12 | 0.36 | 0.58 | 1.85 | 2.37 | 0.23 | 0.23
Ostrya virginiana 1.01 1.04 | 009 | 0.11 | 0.35 | 050 | 2.52 1 2.15 | 0.35 | 0.23
Fraxinus americana 0.59 | 0.67 | 0.15 { 0.16 | 046 | 0.62 | 2.28 | 2.46 | 0.29 | 0.25
Prunus serotina 0.55 | 0.64 | 0.18 | 0.18 {047 | 0.64 | 2.58 | 2.15 | 0.4 | 0.4!
Ulmus americana.... 0.77 — | 0.15 — 104 — | 2.06 — ]0.32 —
Prunus avium 0.88 — ] 0.15 — ] 0.63 — | 242 — | 0.57 —
Acer saccharum .... 043 | 045 | 0.12 | 0.15 | 045 | 0.58 | 1.65 | 1.68 | 0.28 | 0.19
Betula lenta — 1072 — | 0.17 — 10.75 — 1.65 — 1030
Magnolia acuminata ... 1059 1057 (028 {029 |08 |071 [1.62 180 |0.30 | 0.28
Acer rubrum 041 | 044 | 0.11 | O.I1 030 (049 | 1.35 | 1.17 | 0.32 | 0.21
Quercus borealis var, maxima .... . 0.67 | 0.57 | 0.11 | O.11 | 0.55 | 076 | 1.49 | 1.28 | 0.31 | 0.21
Quercus alba . 0.50 | 0.58 | 0.12 | 0.14 | 052 | 0.52 | 1.22 | 1.51 | 0.24 | 0.24
Fagus grandifolia.... 0.59 | 0.69 | 0.10 | 0.10 | 0.65 | 0.65 | 1.09 | 0.99 | 0.26 | 0.18
Average value for all species 0.65 | 0.69 [ 0.13 | 0.15 | 046 | 0.60 | 2.01 | 2.02 | 0.33 | 0.28
|

-associated with mull sites, it also seems to be the
case that the litter of 2 number of species usually
associated with mull sites has no greater content
of mineral elements than the litter of species associ-
ated with mor sites and indeed some have less.

In connection with the above indications, it
should be pointed out that it is probably the form,
and not the amount, of the mineral which is impor-
tant and there is no information available on this
point. Also, since mull and mor are parts of a
dynamic system, it is important to know whether
the litter of a particular species growing on a site,
and whose litter is being analysed, has actually
produced, is maintaining, or even changing the
soil type on which it is growing i.e. whether it
really is a mull-forming or a mor-forming species
on a particular site, e.g. the case of birch growing
on a mor site. This is often a difficult matter to
decide and information on this point has not been
given in investigations of the mineral content of
litter ; in many cases only prolonged observation
in the future will answer this question, in some cases
the history of the site may help.

It can only be concluded therefore that there is
no information indicating characteristic quantitative
differences between the mineral material in litter
from mull sites and the litter from mor sites.

The Reaction of Vegetable Debris

Hydrogen ion concentration has occupied the
attention of soil scientists for a considerable time.
Generally, though not necessarily, soils having a
mor layer seem to have a more acid reaction than
mull soils, It therefore seems desirable to see
whether any correlations have been observed

between the reaction of freshly fallen litter and the
soil type formed, especially in view of the possible
effects of different reactions on microbial activity.
The method of preparation of the material and the
method of measurement can have appreciable
influences on determinations of the reaction of
litter. In a number of investigations information
on these points is not given, and whilst the results
can only be compared within each investigation,
it is possible to compare the values obtained for
litter of species which would probably form mulil
with those for litter of species which would probably
form mor.

Hesselman (1925) determined the reaction of
water which had been in contact with the litter of
a number of tree species. There is no description
of the 'soil types on which the trees, from which the
litter was collected, were growing. He gives the
following pH values as representing the reactions
of the aqueous extracts of the litter of various

species :— pH
Pinus sylvestris . 4.2
» 4.1

» 4.0

Picea abies 4.2
” 3.8
Juniperus communis . 4.3
Larix decidua . 39
,, leptolepis . 4.5
,,» sibirica 38
Vacciniym vitis-idaea 3.7
s " ” 3.8

. myrtillus 4.5

i3l ” e vraa 4-0

» uliginosum ... 4.7
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Empetrum nigrum v 4.2
Calluna vulgaris ... . 4.4
Acer platanoides .... . 37
Aesculus hippocastanum .. 6.9
Alnus incana 6.3
133 ”» 6.1
,, glutinosa ... ... 4.6
Betula alba ... 50
,,  pubescens .. 59
» . . 5.4
’ ’ ... 5.5
,,  Verrucosa ... .. 6.1
" " 5.3
’ " ... 5.6
Corylus avellana 6.6
Fagus sylvatica 6.6
Fraxinus excelsior ... 64
Populus tremula ... 6.1
' v ... 53
Quercus robur ... 4.8
. " ... 49
Salix caprea 6.1
. v ... 5.6
Sorbus aucuparla . 4.8
Ulmus glabra ... 7.3
Athyrium filix-femina .. 5.9
Deschampsia flexuosa ... 5.5
Thelypteris dryopteris 5.5
» phegopteris .... ... 6.0
Dryopteris spinulosa .. 6.3
Geranium sylvaticum - |
Maianthemum bifolium .... ... 5.6
Melica uniflora ... ... 6.0
Mercurialis perennis . 1.4
Cicerbita alpina ... 69
Pteridium aquilinum .. 47
Stachys sylvatica .... 6.8
Trientalis europaea 6.1
Hypnum schreberi 4.6
Hylocomium splendens .... 4.6

These findings indicate some varlatlon in reactlon
within the same species on different sites and also
that whilst extracts from the litter of species which
are frequently associated with mor have reactions
varying between pH 3.7 and 4.7 there are some
species, whose litter would be expected to give
rise to mull, which yield extracts whose reaction
falls within this range, or is very slightly less acid;
although the reactions of extracts of the litter of
the greater number of species associated with mull
are less acid than those of extracts of litter of species
usually associated with mor.

The reaction of freshly fallen beech leaves from
both mull and mor sites was measured by Borne-
busch (1930) although the method of measurement
is not stated. He found that the reaction was

pH 5.9 in both cases.

Melin (1930) also measured the reaction of
recently fallen or still attached leaves of a number
of species of American trees. Unfortunately there
is no mention of the method of measurement nor
the soil type on which the trees were growing, but
if the results in the following table are compared
among themselves we observe, as in the case of
Hesselman’s values, that whilst the litter of probable
mor-forming species are in the more acid part of
the reaction range there is considerable overlap
with the reactions of the litter of probable mull-
forming species.

The reactions of thick suspensions of the finely-
ground litter of a number of American conifer
and hardwood species were measured by Plice
(1934) using the quinhydrone electrode and satur-
ated calomel -half cell. Although there is no
clear indication of the soil type or types on which
the trees, from which the samples were collected,
were growing, the same general picture is again
apparent i.e. the probable mor-forming species
being somewhat crowded at the more acid end
of the range, although there is also a considerable
scattering among the probable mull - forming

species as shown below. (Table 4).
TABLE 4
pH of litter | pH of litter

Species Plice (1934) | Melin (1930)
Magnolia acuminata 5.9 —
Ulmus americana .... ] 55—54 —
Acer platanoides ... 5.4 —
Populus grandidentata ... — 5.3
Carya glabra 5.3 —
Fagus grandifolia .... | 47—54 52:6.0
Betula populifolia — 4.9
Fraxinus amecricana 4.9—5.0 6.0
Betula papyrifera .... — 4, 8—5 1
Thuja sp. 4.8
Betula lutea.... 4.7—5.0 —_
Hicoria microcarpa 4.6 —
Pinus sylvestris 4.9—4.3 —
Quercus maxima 45—44 —
Larix decidua 4.4 4.3
Quercus alba 43—4.45 —
Castanea dentata 4.1—4.6 —
Pinus strobus 4.4—43 4.6—4.7
Acer rubrum 4.3 4.2
Quercus prinus 4.3 —
Pinus rigida. ... 42—4.3 4.2
Larix laricina 4.2 —
Picea canadensis 4.2 —
Picea abies 4.2 —
Abies balsamca 4.2 39
Acer saccharum 4.1—4.25 4.0
Pinus resinosa 4.15 —
Picea rubra — 4.1
Picea mariana 4.1 —
Pinus banksiana 38 —
Tsuga canadensis .... 3.7-33 —
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Mattson and Koutler-Andersson (1941 and 1944)
using suspensions of ground litter in water in the
ratio of 1 :10 or 1 :20 measured the reaction of
litter from various tree species in Sweden using
the quinhydrone method and obtained the following
values :—

1941 1 : 10 suspension
pH

Pinus sylvestris, Ultuna woods, gravelly soil

slightly podzolised in places .... ..4.22
Fagus sylvatica, Hallandsis, brown earth with
low base status ..5.08
Betula pubescens, Ultuna park river clay, w1th
high base status ..5.99
Fraxinus excelsior, Ultuna park river clay w1th
high base status . 6.24
Alnus incana, Ultuna park river clay w1th hlgh
base status ..4.89
Ulmus glabra, Ultuna park river clay w1th hlgh
base status . 591
Quercus robur, Ultuna park river clay w1th
high base status .. 4.48
Acer platanoides, Ultuna park river clay w1th
high base status ...4.49
1944 1 : 20 suspension
Fagus sylvatica, Ultuna park 477
Alnus incana ’ ’ ... 4.60
Quercus robur ' . ...4.43
Betula pubescens ,, » ....4.55
Fraxinus excelsior ,, » ....5.50
Ulmus glabra . ' ...5.31
Pinus sylvestris . ' ...3.98

Although the material used in the two experiments
was very largely from the same tree species growing
in the same area it is unfortunately not stated
whether they are from the same sites; so that the
differences in reaction may represent site differences,
differences between individuals or differences from
year to year.

From the rather inadequate data available it
appears that the position regarding the reaction
of the litter from various species is probably similar
to that in the case of mineral nutrients i.e. the
potential mor-forming species tend to be grouped
at the more acid end of the scale ; the variation
within a species and the degree of overlap of mor-
forming species and mull-forming species is such
however that these properties do not by themselves
allow of the characterisation of mor-forming litter
and mull-forming litter.

Acid and Basic Buffering Materials in Litter

Plice (1934) added 5 gms. of ground litter to
water containing a known quantity (excess) of

hydrogen ions and determined the quantity of
hydrogen ions inactivated by the litter. Attempts
were made to investigate the buffer capacity towards
alkali by the use of sodium hydroxide and a hydro-
gen electrode but the determinations gave only
poorly reproducible values. The values obtained
for inactivation of hydrogen ions show most of
the conifers as a compact group with low inactivation
of hydrogen ions almost independent of the mineral
base content (Ca+ Mg+ K) of the litter and those
species with litter having higher base content as
inactivating larger amounts of added hydrogen ions.
Although most of the results are not related to soil
type, Plice does give comparative values for maple
and beech growing on both crumb mull and root
mor ; there is however nothing to indicate whether
the maple or the beech has actually given rise to
the mor. (Table 5.)

TABLE 5

Crumb mull Root mor

Maple | Beech | Maple | Beech

CaO content, as per-

centage 3.1 1.7 2.6 1.2
Ca+Mg+K (mE) ... 6.8 4.1 5.8 2.9
H ions inactivated (mE

out of 4 added) ... 34 2.7 i3 2.4
Reaction (pH) 4.2 49 42 4.7

More recently Mattson and Koutler-Andersson
(1941) have carried out a considerable number of
investigations on the quantities of various forms
of acid and basic material in plant material and
soils. The only observations which will be con-
sidered here are those in which the acidity was
determined by electrometric titration with NaOH
to pH 7.0 and the titratable bases determined in
the ash from litter. (See Table 6.)

The litter from Pinus sylvestris is the only litter
of a species growing on gravelly soil showing slight
podzolisation in places. The results indicate that
whilst the litter of Pinus sylvestris has a titratable
acidity or titratable base content within the range
of the values obtained for the litter of mull-forming
species, the ratio of titratable base content to
titratable acidity, and also excess of base content
over acidity, is lower in this instance than for any
of the mull-forming species examined. It is un-
fortunate that similar information for other mor
forming species is not available for comparison
and therefore, although the excess of base content
over titratable acidity may prove to be characteristic
for mull and mor-forming litter, either of these
two properties independently is not characteristic.
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TABLE 6
Acidity of the litter as
determined by electro- | Titratable bases in ash
Species metric titration with | from litter in M.e./100
NaOH to pH 7 in gm. dry matter
M.e./100 gm. dry matter
Pinus sylvestris 339 432
Fagus sylvatica .... 26.3 76.2
Betula pubescens 16.0 140.4
Fraxinus excelsior - 16.2 264.2
Alnus incana 49.2 90.1
Ulmus glabra 25.0 261.0
Quercus robur ... 47.2 100.1
Acer platanoides 35.0 136.8
Gramineae 21.7 40.5
Triticumn aestlvum (straw 9.8 39,5
“The Nitrogen Content of Litter Nitrogen content
Since nitrogen is a substance of great importance Species as percentage
for the growth of living organisms, it is likely that of dry weight
the nitrogen content of litter and the form in which Fraxinus excelsior 1.1

the nitrogen occurs will be of considerable impor-
tance in relation to the growth and metabolism of
the micro-organisms growing on and breaking
down litter in the processes of soil formation.
Later considerations will indicate the importance
of the form of the nitrogen in litter from the point
of view of soil-forming processes. At present only
the total nitrogen content of the litter of various
species, as far as possible in relation to soil type,
will be considered.

Although the determinations of the nitrogen
content of fresh litter of various species made by
Hesselman (1925) do not seem to be clearly related
to soil type the results are interesting for comparison

among themselves.
Nitrogen content

Species as percentage

of dry weight
Picea abies T 1.5
0.2
Pmus sylvestrls 0.6
' 0.5
Larlx decidua 0.8
,. leptolepis 0.6
,, sibirica 0.5
Acer platanoides 0.6
Aesculus hippocastanum 1.4
Alnus glutinosa 2.1
,, incana.... 2.3
Betula alba 0.7
,,  pubescens 1.0
" . 0.9
,,  verrucosa 1.0
» » 1.3
Corylus avellana 1.5
Fagus sylvatica 1.0
0.7

” ”»

Populus tremula

Quercus robur

Salix caprea

Sorbus aucuparia

Ulmus scabra

Vaccinium myrtillus
v vitis-idaea

Melica uniflora

Mercurialis perennis

Stachys sylvatica

Pteridium aquilinum 0 6

The duplicate results for the same spe01es are for

different sites.

The nitrogen content of the litter of a number
of American trees, in some cases for the same
species from more than one site, was determined
by Melin without reference to the soil type on which
the trees were growing. The nitrogen content of
the litter is expressed as a percentage of the dry
matter.

M= m O =00 =
PO~ OVULAU—II IO

Acer rubrum.... 0.37
,,» Ssaccharum 0.80
Betula papyrifera a. 0.81
' ' 1.49
" " c. 1.94
,,  populifolia 1.44
Fagus grandifolia a. 0.97
" . b. 0.67
” . c. 0.60
Fraxinus americana 1.68
Populus grandidentata 1.31
Abies balsamea 0.83
Larix decidua 0.65
Picea rubens 0.84
Pinus rigida 0.41

Pinus strobus a. 0.89
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Nitrogen content

Species as percentage

of dry weight
Pinus strobus b. 0.38
Aralia nudicaulis ... 1.18
Pteridium aquilinum a. 0.63
' " b. 1.19
Kalmia angustifolia 0.77
Vaccinium pennsylvanicum 0.17

Bornebusch (1930) estimated the total mtrogen
.content in the litter from beech trees growing on
mull and mor sites and found that the dry matter
.of beech litter from a mor site contained 1.19%
nitrogen whilst for a mull site the value was 1.15%,.

Chandler (1941 and 1943) determined the nitro-
gen content of a number of hardwood and conifer
species growing on both mull and mor sites :(—

percentage nitrogen

Species in litter dried
at 70° C.
Mull Mor
site site
‘Tilia americana .... 1.04 1.14
Liriodendron tulipifera .... 0.51 —
Hicoria cordiformis 0.68 0.67
Populus tremuloides
and 0.70 0.77
Populus grandidentata
Ostrya virginiana 1.01 1.04
Fraxinus americana 0.59 0.67
Prunus serotina 0.55 0.64
Ulmus americana.... 0.77 —
Prunus avium 0.88 —
Acer saccharum 0.43 0.45
Betula lenta — 0.72
Magnolia acuminata 0.59 0.57

If the two site types can be taken as being equiva-
lent to mull and mor as described by Miiller then
these values for the nitrogen content of litter show
clearly that the nitrogen content of a sample of litter
does not enable it to be characterised as coming from
a mull soil or from as oil with mor; although for the
same species there is a distinct tendency for litter
from a mor site to have a higher nitrogen content
than litter from a mull site. The apparent formation
of mor by the hardwood species concerned is a little
difficult to understand and for this reason it is
unfortunate that more information concerning the
stands, especially their previous history, is not
available so that the source of the mor might be
established.

Analyses of the nitrogen content of the litter of a
number of species, probably growing on a mull soil -
in Ultuna Park, were carried out by Mattson (1944)
with the following results :—

Species Percentage of nitrogen in
orgaiiic maiter
Fagus sylvatica 1.00
Alnus incana 2.54
Quercus robur 1.21
Betula pubescens 0.74
Fraxinus excelsior 1.47
Ulmus glabra 0.82
Pinus sylvestris 0.49

For aspen litter from ca. 40-year-old trees growing
on a mull soil, with a.very rich ground flora along
with Corylus avellana and Lonicera xylosteum, near
Stockholm, Andersson and Enander (1948) give
0.589; as the nitrogen content. Lindeberg and

Acer rubrum 0.41 0.44 Norming (1943) give 0.96 % as the nitrogen content
‘Quercus borealis var. maxima ... 0.67 0.57 of spruce litter from 90-year-old trees growing on
‘Quercus alba e 0.50 0.58 what is probably a mull soil near Stockholm, whilst
Fagus grandifolia.... 0.59 0.69 for birch litter, from trees ca. 35 years old growing on
Pinus resinosa 0.69 — a brown forest soil in central Sweden, Knudsen and
Pinus strobus 1.00 1.14 Mauritz-Hansson (1939) found a nitrogen content of
Tsuga canadensis — 1.05 1.02%.
Picea rubens — 0.89
Abies balsamea — 1.25 In Norway, Mork (1942) has determined the nitro-
Picea abies 1.02 — gen content of spruce, birch and pine litter from
‘Thuja occidentalis — 0.60 trees growing in several localities. (Table 7.)

TaBLE 7 * Nitrogen Content as Percentage of Oven-dried (100°C) Litter

Spruce Birch Pine

As (soil probably a brown earth) .... 1.05%, (40 yrs.) —_ —

Veldre (soil probably a brown earth) 1.039; (60 yrs.) 0.899, —

Veldre ( ,, 1. 00 0.969, (50 yrs.) —

Hirkjolen (brown earth average value for 6

years) — 1.717% (100 yrs.) —
Hirkjolen (probably mor average value for
6 years) ... e —_ 1.315% 0.5439 (200 yrs.)
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Taking the abovementioned observations as a
whole it seems quite certain that there is unlikely to
to be any direct relationship between total nitrogen
content of a sample of litter and its propensity to
form mull or mor.

In the investigations quoted only total nitrogen
content of the litter has been ascertained. There do
not seem to have been any attempts to ascertain
whether the litter of species giving rise to mull
contains nitrogen, at least in part, in a form with
different biological potentialities compared with the
nitrogen in the litter of a species giving rise to mor
even though Melin (1930) found that whereas
within a species breakdown of litter, as measured by
CO, production, is proportional to the nitrogen
content of the litter, between species there was,

however, no correlation between nitrogen content of
the litter and rate of CO, production... This does not
seem to be in accord with the opinion of Wittich
(1943) that the C/N ratio is the controlling influence
in litter decomposition, although he did find the
position of Ulmus procera to be anomalous. There
are difficulties in the way of acceptance of these
conclusions in both cases, for whereas Melin found
rye straw to decompose at approximately the same
rate as oak litter which had a nitrogen content three
times as great, the conditions of the experiment were
somewhat artificial, In the case of Wittich's experi-
ments it does not seem possible to determine how
much of the litter material which disappeared was
ingested and removed by animals and therefore not
necessarily completely decomposed.

Chapter 4

THE ORGANIC CONSTITUENTS OF LITTER

LitTer falling on the forest soil is an important
source of organic material for the metabolism of
micro-organisms involved in the processes of soil
formation. If the organic matter available to soil
micro-organisms differs in composition, either
qualitatively or quantitatively, in one case compared
with another, then the populations of micro-organ-
isms, the metabolic activities and therefore the end
products of metabolism may be different in the two
instances. It might well be expected therefore that
litter giving rise to mull may exhibit considerable and
perhaps characteristic differences in the kind and
amount of its constituent organic materials compared
with litter giving rise to mor.

The definition and quantitative estimation of the
various organic constituents of vegetable debris is
extremely difficult and many investigators do not
seem to have given sufficient consideration to these
difficulties in problems concerned with litter decom-
position and soil formation.

Analyses of litter are usually given in terms of one
or more of the following constituents:—

Ether soluble substances Hemicelluloses
Chloroform ,, ,, Cellulose

Cold water ,, ,, Lignin

Hot water ., ,, Protein
Alcohol sy s

Little or no attempt appears to have been made to
separate the constituents of the material extracted by
the various solvents, the amount of extractives for
each solvent being given as a percentage of the dry

matter. In the case of hemicellulose, cellulose,
lignin and protein it would appear from current
opinion that the methods used for isolation and
estimation are often inadequate and the results
obtained probably represent groups or mixtures of
substances rather than single substances. Although
in some instances the individuals of each group may
be somewhat similar to each other physically and
chemically, it is possible that they may be very-
different biologically.

Hemicellulose

The term hemicellulose originally implied dilute
alkali soluble polysaccharide present in plant
materials. The present meaning of the term is
usually restricted to alkali soluble polysaccharides,
criteria of purity of which are almost completely
lacking, which are hydrolysed by dilute acids giving
monosaccharides and in some cases uronic acids. It
seems clear that the polysaccharides known as
hemicelluloses comprise at least two groups; one
group containing uronic acid groups which are
largely absent from the other, but it is doubtful
whether satisfactory separation has been effected as.
yet. Although the properties of these two groups
appear to be similar in some ways, it is thought that
they may be derived from different sites in the
tissue, There is reason to believe, therefore, that
estimations of hemicellulose in litter may have been
estimations of more than one substance possibly
coming from different sites in the tissue. Analytical
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results showing equal contents of hemicellulose in
different samples may therefore conceal marked
qualitative differences.

Estimations of hemicellulose in litter have usually
involved acid hydrolysis of material extracted by
dilute alkali followed by estimation of the reducing
power thereby produced. On account of the delicate
balance between liberation and destruction of
monosaccharides during acid hydrolysis of hemicel-
luloses such methods of estimation cannot be
regarded as entirely satisfactory. In addition, the
work of O’Dwyer (1931) seems to indicate that the
method of drying the material from which hemicel-
luloses are to be extracted affects the quantity of
some of the hemicellulose fractions.

A number of observations appear to indicate that
the various hemicelluloses are combined or associ-
ated with constituents of the cell wall e.g. cellulose
and lignin. The nature of such associations is
unknown but hemicelluloses do not seem to be
removed from woody material to any extent
without concurrent or prior delignification or at
least after some treatment which might dissociate
linkages with lignin. When, however, delignification
is carried out prior to hemicellulose extraction some
of the hemicelluloses are lost in the process. In
addition to these uncertainties there are indications
that in non-woody tissues the hemicelluloses are
either more complex or less homogeneous with the
result that their chemistry is relatively more complex.

In the present state of information, the interpreta-
tion of estimations of hemicelluloses in various
kinds of litter is too uncertain to be of any value.

Cellulose

The cellulose of woody tissue is thought to occur
in close association with other polysaccharides and
it seems that such drastic treatment is required to
remove these cellulose associates, known as cel-
lulosans, that the cellulose itself is altered or
degraded. Such considerations must be borne in
mind when the cellulose of litter is being investigated.
Even though opinion seems generally to favour
methods of cellulose estimation whereby lignin is
removed by halogenation, most of the estimations of
cellulose in litter have made use of the cuprammon-
ium reagent to dissolve the cellulose, which is
subsequently precipitated from the solution. Whilst
the cuprammonium reagent dissolves isolated
cellulose, its capacity for dissolving cellulose from
wood varies according to ancillary treatment and the
nature of the wood, e.g. whether hardwood or soft-
wood, but even under the most favourable conditions
a considerable amount of cellulose remains in the
material, and in addition the extracted material,
whilst consisting mainly of cellulose, also contains
small quantities of pentosans and lignin.

Lignin

Botanists and others interested in the cell walls of
plants have for a long time described a process
occurring, during life, in the walls of many plant
cells as lignification. In many cases this meant that
the investigator had observed, by the use of dye
solutions, changes in the thickness and staining
reactions of the cell walls during the development of
the cell; in other cases microchemical reactions, such
as that occurring with phloroglucinol, have been
used. It is not sound to deduce a specific chemical
composition from staining reactions involving the
use of dyes. Even in the case of the phloroglucin
reaction there is no certainty that the observable
changes occurring in a tissue, as demonstrated by
the phloroglucin reaction, during the physiological
process known as lignification, correspond to the
appearance or formation of what the chemist knows
as lignin. Thus, whilst it is true that cell walls having
a high content of what the chemist understands by
lignin give a strong reaction with phloroglucin, it is
also true that during delignification woody tissues
lose their capacity to react with phloroglucin before
they have become entirely free from the chemist’s
lignin. It therefore seems possible that reactions
such as that with phloroglucin indicate substances
closely associated with lignin but not the chemist’s
lignin,

The methods used in the isolation of lignin can be
divided into two classes (a) involving the removal of
cellulose etc. usually by the use of concentrated acids,
leaving lignin as a residue and (b) removal of lignin
from the materials with which it is associated, by
the use of solvents. None of the methods available
appear to allow of the isolation of lignin in an
unchanged state, with the possible exception of the
method put forward by Brauns (1939) which, however,
yields only a fraction of the amount of material
obtained by other methods. Lignin, as at present
obtained, is an amorphous material to which the
usual criteria of purity cannot be applied; therefore
it is not possible to determine whether lignin prepara-
tions contain small or large amounts of contamin-
ants or not.

Although indications have been obtained concern-
ing the identity of some of the parts of the lignin
molecules, the identity and characteristics of lignin
remain unknown. Until lignin can be isolated in an
unchanged and pure state it will not be possible to
know what substance it is that efforts are being made
to try and determine; and therefore a rational
method of estimation cannot be developed. Hence
at present there can be no entirely satisfactory
method for the determination of lignin, and only
approximate determinations are possible.

It is possible that even though plant material from
different species contains similar quantities of lignin,
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TABLE 8 As Percentages of Dry Matter
Acer Betula Fagus | Populus | Abies | Picea | Pinus | Pinus | Pteridium
sacc- | papyrifera |grandi-| grandi- | bal- |rubens|rigida | stro- aquilinum
harum folia | dentata |samea bus

o | @ m | @

Ether soluble fraction 7.66 [ 7.50 | 6.71 | 4.59 6.30 9.52 | 5.73 | 7.22 |11.37 | 242 | 1.68

Cold water soluble organic matter | 12.12 | 11.94 | 4.80 | 4.18 4.37 7.30 | 6.30 |13.58 | 4.42 | 5.07 | 3.04

Hot water soluble organic matter | 9.26 | 6.08 | 6.05 | 4.44 4.95 388 1 539 | 6.22 | 2.86 | 3.13 | 3.25

Alcohol soluble organic matter 534 | — 2.70 | 3.45 2.93 3.38 | 3.02 | 3.31 (1258 | 2.16 | 1.70

Hemicelluloses 13.24 |17.21 | 18.74 |18.46 | 16.00 |14.12 |16.40 |15.38 |17.10 |15.76 |17.13

Celluloses 13.90 |10.47 | 9.59 |14.07 9.54 |12.41 (17.12 |16.63 |14.79 | 17.61 |14.92

Lignin 15.62 |21.24 |26.26 [24.95 | 32.69 (30.74 |28.27 |26.06 |21.89 |26.78 |33.50

Crude Protein 4.13 | 8.21 |11.00 | 3.00 7.50 463 | 425 | 199 | 2.12 | 344 | 6.99

as estimated by some such method as indicated
above, the lignin in the different species may,
especially before isolation, have very different
biological properties. Such considerations should
be borne in mind when analyses of litter are being
examined from the point of view of differences
between mull and mor-forming material.

Proteins

Since the introduction of chromatographic
methods of analysis the detection of protein con-
stituents has been on a much more satisfactory basis.
Whilst such methods have been applied to the
detection and estimation of the amino acid con-
stituents of the proteins of fresh plant material and
more recently of soils, there do not, as yet, seem to
have been any such investigations of the protein
material present in litter. Estimations of protein in
litter have so far becn carried out by the empirical
method of determining the water-insoluble nitrogen
content and then multiplying by the arbitrary
factor b.25.

Quantitative Analyses of some Organic Constituents.
of Litter

There do not seem to have been many investiga-
tions in which the amounts of various organic
materials in litter have been determined even by the
relatively uncertain methods available. Even such
analyses as have been made do notseem to have been
related to the soil type on which the trees were
growing.

Melin (1930) investigated various organic matter
fractions in the litter of a number of tree species
without stating the soil type on which the trees were
growing.

Hemicelluloses were estimated from the sugars
produced on hydrolysis of an alkali extract of the
litter with 29 HCI solution, together with the
sugars produced on treatment of the residue from
the alkaline extract with 29, H,SO, solution.

Cellulose was estimated by treatment of the
residue remaining from the hemicellulose estimations
with modified Schweitzer’s reagent. Lignin was deter-

TaABLE 9 Organic constituents as percentage of organic material on an ash-free basis
Litter from an old
eastern white pine | Litter from 75 yr. old | Litter from eastern
eastern hemlock | red spruce stand New white pine stand
stand. New Hamp- Hampshire
shire
Ether soluble fraction.... 6.7 5.15 6.1
Water soluble fraction 5.4 7.17 12.7
Alcohol soluble fraction 6.1 3.72 3.3
Hemicelluloses 13.6 14.0 14.5
Cellulose 13.7 16.3 15.8
Lignin ... 350 38.5 31.8
Protein .... 6.1 547 il
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TasLE 10 As percentage of dry matter
. . . . Glyceria
Beech litter from Pine needles | Beech litter | Aspen litter maxima
Maltesholm, Skine from from from Fabé- | straw from
Niantuna Uppsala darna at Bondkyrka
¢)) 2 Denmark | Castle Park | Bondkyrka Ultuna
Lignin 24.6 23.6 23.48 25.67 21.49 13.93
(mean of 9 | (mean of 6 | (mean of 12 | (mean of 12 | (mean of 12 | (mean of 12
values) values) values) values) values) values)
Cellulose 21.7 19.7 27.39 16.63 13.78 26.10
(mean of 8 | (mean of 5 | (mean of 12 | (mean of 12 | (mean of 12 | (mean of 12
values) values) values) values) values) values)

mined from the residue remaining after extraction of
the litter material with a mixture containing 10 ml.
189, HCl solution to 50 ml. of 72% H,SO, solution.

Protein insoluble in cold water was estimated by
subtracting the water soluble nitrogen from the total
nitrogen and multiplying the result by 6.25. The
results are shown in Table 8.

Lutz and Chandler (1946) quote Watson as
determining some of the organic constituents of the
litter from three coniferous sites. The soil types on
which the trees were growing and the methods of
analysis are not stated, but since L.F. and H. layers
are indicated as being present in the soil profiles of
two of the sites it seems likely that the soils have mor
layers. (See Table 9.)

The lignin and cellulose contents of the litter of
various tree species were estimated by Lindeberg
(1944 and 1946) the lignin being estimated by
extraction with thioglycollic acid and the cellulose by
extraction with Schweizer’s reagent from the residue
remaining after extraction of lignin. The soil type
on which the trees were growing is not stated.
Results are shown in Table 10,

A number of the organic matter fractions of litter
samples from trees growing in Ultuna Park were
estimated by Mattson and Koutler Andersson (1944).
In previous papers (1941) by these authors this local-
ity has been described as having a soil derived from
clay of high base status and it therefore seems

\

likely that the soil will be of the mull type. Lignin
was estimated as the residue remaining after treat-
ment of the litter with 729, H,SO, solution. The
findings are shown in Table 11.

In the course of investigations on the decomposi-
tion of the litter of various tree species, Wittich
(1943) estimated a number of organic fractions by
methods somewhat different from those used in the
investigations cited above. Two of the samples in
the accompanying table (Nos. 16 and 17) were from
trees growing on sand, the remainder were from
trees growing on ground moraine. After extraction
of the material with ether, the residue was treated
first with cold water then with hot water. The
residue was now extracted with 95%, HCI solution.
One half of the insoluble material remaining is now
treated with a mixture of hydrochloric and sulphuric
acids by the method of Kalb, Kucher and Tourel for
the estimation of lignin, including humified material;
the other half is treated with alcoholic nitric acid
by Kiirschner’s method for the estimation of cellu-
lose, which was in addition estimated by calculation
by difference from 100. Lignin was separated from
so-called humified material by it’s differential solubil-
ity in acetyl bromide. (See Table 12.)

It is of interest to compare values obtained for
lignin and cellulose contents of various kinds of
wood by the U.S. Forest Products Laboratory
(quoted by Wise (1944)) with the corresponding

TABLE 11 As percentage of organic matter
Fagus Alnus Quercus Betula Fraxinus Ulmus Pinus
sylvatica incana robur pubescens | excelsior glabra sylvestris

Water soluble fraction ... 16.84 23.6 21.5 19.4 273 23.1 15.9
Alcohol benzene 1 : 1 soluble !

fraction.... 17.3 24.8 15.9 199 1 171 11.4 27.2
Residue after treatment with 72% ; |

H.SO, solution . 337 ! 213 22.6 29.6 I 140 ; 143 21.8
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TaBLE 12 As percentage of water and ash free material
2 E @ [ O § s 93
o | 2o Se | B8 gl & | 85 tgg) _ | 8¢
. . =10 i) ) <35 2 = sz |EEZ £ =2
Species g2 | 22| g2 | 82 EZ = =3 |BEZ g EZ
g | 83 | 28 | <8 | =8 | & | 8% |323| A | T4
1. Ulmus procera 7.92 | 1295 5.62 2.43 | 3435 | 16.53 | 11.67 | 20.20 3.70 | 16.50
2. Alnus glutinosa 7.86 | 17.74 6.11 2.83 | 31.97 | 15.50 | 10.15 | 17.99 3.10 | 14.89
3. Fraxinus excelsior 6.68 | 13.80 5.35 2.18 | 35.70 | 20.06 | 10.70 | 16.23 2.64 | 13.59
4. Alnus incana 8.55 6.87 5.29 3.00 | 32.30 | 1540 9.21 | 28.59 3.49 | 2510
5. Robinia pscudoacacia 6.81 | 10.97 3.53 2,78 | 32.56 | 13.30 | 12.69 | 30.05 4.50 | 25.55
6. Carpinus betulus .... 6.33 | 16.27 7.92 2.88 { 32.55 | 16.74 | 13.30 | 17.31 8.08 9.23
7. Acer pseudoplatanus 11.23 | 19.81 7.69 2.53 | 27.95 | 20.07 | 12.21 | 10.72 1.15 9.59
8. Tilia cordata 9.01 | 10.50 7.45 3.61 | 31.59 | 14.68 | 11.82 | 23.16 4.60 | 18.56
9. Populus tremula ... 9.64 | 16.72 492 2.42 | 30.12 | 19.02 | 14.36 | 17.16 444 | 12,72
10. Quercus maxima 8.32 | 11.14 6.43 478 | 33.01 | 15.79 | 11.46 | 23.53 1.85 | 21.68
11. Fagus sylvatica 6.14 8.57 | - 5.15 2,18 | 33.07 | 21.61 | 13.65 | 23.28 145 | 21.83
12. Carpinus betulus .... 6.03 | 24.65 6.50 324 | 30.12 | 18.73 | 12.74 | 10.73 1.47 9.26
13. Quercus sp. 6.42 9.04 7.69 3.12 | 30.60 | 2042 | 19.65 | 22.71 6.15 | 16.56
14. Quercus sp. 7.25 | 13.28 6.42 2,80 ( 31.95 | 20.13 | 21.64 | 18.17 7.67 | 10.50
15. Betula sp. 1448 | 20.52 9.64 4.05 | 25.16 | 10.77 6.71 | 15.38 5.71 9.67
16. Betula sp. 14.41 9.23 471 4.16 | 28.48 | 13.44 9.99 | 25.57 1.70 | 23.87
17. Fagus sylvatica 6.48 6.00 4.34 3.75 | 33.30 | 19.59 6.72 | 26.54 0.83 | 25.71
18. Fagus sylvatica 5.88 9.64 6.25 2.47 | 31.70 | 20.95 | 17.89 | 23.11 0.27 | 22.84
19. Fagus sylvatica 5.75 | 11.87 5.48 2.56 | 24.55 | 27.26 | 24.83 | 22.53 0.64 | 21.89

values for litter obtained by various investigators.
(See Table 13.)

TABLE Mean values as percentage of

13 samples oven-dry at 105° C.
Species Cellulose Lignin
Pinus ponderosa . 57.41 26.65
Chamaecyparis nootkatensis 53.86 31.32
Libocedrus dccurrens 41.60 37.68
Sequoia sempervirens 48.45 34.21
Pinus monticola 59.71 26.44
Quercus densiflora 58.03 24.85
Prosopis juliflora 45.58 30.47
Ochroma lagopus 54.15 26.50
Hicoria ovata 56.22 23.44
Eucalyptus globulus 57.62 25.07

When estimated by similar methods the values for
contents of lignin cover a similar range for both
litter and wood, except that in the case of the litter
of some species the lignin content is of a considerably
lower order than those for wood of the species
quoted. The cellulose content of wood appears to be
approximately 2 or 3 times that of litter. Lignin is
usually associated with secondarily thickened
vascular tissue. If this view is correct then in leaves
the proportion of such tissue would appear to be
relatively small compared with the proportion in
wood, yet according to analyses the proportion of
cellulose to lignin is much smaller in litter than in
wood and analyses also indicate that litter contains
lignin in very similar amounts to those contained in
wood.

Such considerations tend to throw doubt on
whether all the material in litter as determined by
certain methods and said to be lignin is really lignin.
Although the use of acetyl bromide for the separation
of lignin and humified materials is not sanctioned by
all, the results obtained by Wittich for lignin content
of litter by the use of acetyl bromide would appear
to indicate that the material obtained from litter by
the usual methods for lignin estimation is a mixture
of substances of which lignin forms only a part.
Such a view would seem to give a much more
reasonable lignin content for litter, compatible with
the proportion of vascular tissue it contains, in
comparison with the lignin content of wood.

Such a survey of the limited information concern-
ing the organic constituents, as determined by
chemical means, of litter falling on the forest floor
indicates that, whatever the identity of the organic
fractions estimated may be, it is unlikely that it will
be possible to characterise mull and mor-forming
litter directly by the aid of such estimations. Such
lines of approach, at any rate with the methods at
present available, do not seem to show signs of being
profitable to pursue from the point of view of
determining the causal factor(s) of mull and mor
formation. Attention must be directed therefore to
an examination of mull and mor as a dynamic
system and to a consideration of the processes going
on in these two components of the system, especially
regarding differences in the changes undergone by
the various constituents of litter during their integra-
tion into a mull or a mor system.
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Chapter 5

PROCESSES GOING ON IN MULL AND MOR AS FACTORS IN
THEIR FORMATION

IT is possible that the formation of mull and mor
may be different by reason of quantitatively and/or
qualitatively different processes occurring during
the decomposition of litter. If characteristically
different processes can be detected it may then be
possible to discover the cause of these different
processes.

Quantitative Aspects of the Organic Matter in Mull
and Mor

Characteristic differences in rate of decomposition
might be expected to result in differences in the
amount of organic matter in mull and mor develop-
ing on similar sites, especially since previously
quoted evidence indicates that the amount of litter
falling on muli and mor sites can be of a very similar
order. Field observations appear to make differences
in the amounts of organic matter in mull and mor so
obvious that, as Romell (1932) points out, it is
generally regarded that there is a fundamental
difference between the rates of decomposition of
organic matter in mull and mor. In his discussion of
the overall quantitative aspect of the organic matter
of mull and mor Romell also points out that such
opinions have very little factual basis.

The quantitative aspect of soil organic matter can
be approached either by ascertaining the amounts of
organic matter present in representative samples of
the two soil types or by measuring the rate of
destruction of organic matter in the two soil types as
indicated by CO, production. .

Romell (1932), who has examined these two
questions closely, points out that it is necessary not
only to consider organic matter above the mineral
soil but also, in addition, that in the mineral soil as
contained by the same area in the case of both soil
types down to a depth of one metre from the top of
the mineral soil; i.e. the organic matter is determined
on a volume basis and not on an area basis alone.
The depth of one metre would cover most soils but in
some cases it may be necessary to sample to even
greater depths, if appreciable amounts of organic
matter occur below a depth of one metre. Working
on such a basis Romell found the organic matter
content of the soil of a beechwood growing on crumb
mull in the province of Smaland (South Sweden)
to be 28.7 kgm. per sq. metre down to a depth of one
metre. On the same basis the organic matter of a
mor soil near Hisj6 in Jimtland (Central Sweden)
was found to be 27.9 kgm. and in the case of a mor

soil at Rokliden, Norrbotten (Northern Sweden)
31.9 kgm. Romell’s comment on these observations
is—"“A type profile of brown forest soil with crumb
mull from south Swedish beechwoods shows as high
a total humus content as either of two type profiles
with pronounced duff from the strongest duff
forming and podzolising forest type on normally
drained ground in northern Sweden”. Romell has
also recalculated the results obtained by Morgan
and Lunt for two pairs of mull and mor sites in
different localities in the U.S.A., so as to be on a
comparable basis with his own determinations for
Swedish soils, and obtained the following results.
Total organic
matter in kgm.

per sq. m.
Thick podzol, Waterville (White
Mountains) ... 62.1
Rich crumb mull, Bethlehem
(White Mountains) ... 57.8
Thin podzol, Connecticut 304
Crumb mull, Connecticut ... 24.9

Although Romell comes to the general conclusion
that “there is no indication of a consistent difference
between the crumb mull and even pronounced forms
of duff in the amount of organic matter stored up
either in the humus layer or in the entire profile’’ he
does point out that there probably are mor profiles
having an organic matter content greater than those
reached in crumb mull profiles, and that in certain
cases there may actually be a *““practical standstill of
decomposition”. When Romell says “The greasy
duff will not easily burn at any season of the year” it
would appear that he is hinting at important con-
siderations but he does not pursue them further.
It is well known that where mor occurs the
surface organic layer is more or less frequently,
accidentally or deliberately, burned; and such occur-
rences are bound to have an effect, which cannot be
estimated, on estimations of organic matter in mor
profiles. The organic matter in a mull profile may
represent the residue from hundreds or thousands of
years of forest growth, whereas the organic matter
in a mor profile may represent the organic residue
from a relatively short period of production of
vegetable debris. Jenny, Gessel and Bingham (1949)
have recently considered this problem from a
similar angle, and from theoretical considerations
have worked out the time required for the organic
matter of the forest floor, in various kinds of {orest,
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TaBLE 14 CO, production in gm. per sq. metre per hour
Maximum Minimum Mean obsxa%gns Method
Mor type 0.84 0.10 0.36 21 accumulation
Mull type 0.72 0.13 0.33 35 accumulation

to reach equilibrium from the amount of decomposi-
tion undergone by the litter of various tree species in
a year. It would seem, however, that it has been
assumed that the rate of decomposition of say pine
litter, although slow, proceeds at a constant rate over
a period of about 100 years, when any given needle
shoul dhave disappeared completely. Evidence
which will be presented later does not support the
idea of a constant rate of decomposition. In addition
Jenny et al. appear to assume that the floor of the
pine forest would reach equilibrium in one or two
centuries and be able to continue indefinitely under
these conditions. There are, however, indications
that such a mor system would not be stable and
eventually becomes incapable of supporting a mor-
producing vegetation.

The comparison of total amounts of organic
matter in mull and mor systems, for the purpose of
comparing speeds of decomposition, is therefore of
doubtful significance.

Carbon Dioxide Production in Mull and Mor

In the same paper Romell (1932) discusses the
problem of decomposition of organic matter in the
two soil types in relation to soil respiration. He
argues that if the amount of litter-fall and root
respiration are the same, then once a regime is
established, and the total amount of organic matter
in the two profiles is the same, the total respiration
should be the same in mull and mor. This may not
be the case for the reasons mentioned above.

Romell made a detailed survey of the various
methods used and the results obtained in previous
work on the production of carbon dioxide by forest
soils in situ. He points out that the workers making

determinations of carbon dioxide production in
forest soils were not concerned with a comparison of
mull and mor, nor is it always possible to classify the
humus types on which they were working from the
descriptions given, and therefore data which are
satisfactorily comparable for mull and mor are
extremely scanty. He quotes Meinicke as determin-
ing the CO, production per square metre per hour,
between June and November, for a number of
beech and beech + oak stands of different ages, some
growing on mull and some growing on mor. The
results obtained are shown in Table 14. Whatever
these values may represent, neither the extreme
values nor the mean values indicate any significant
difference between mull and mor. Romell mentions
the results obtained by himself and Porkka for
CO, production in Swedish and Finnish soils
respectively, and points out that as the experiments
were probably all on mor sites they do not allow of a
comparison between mull and mor sites, but even
so the values obtained indicate higher mean and in
some cases higher maximum values than those
obtained by Meinicke.

Romell concludes from his survey that the deter-
minations of CO, production by forest soils indicate
considerable variation in this property, with most of
the average values lying between 0.2 and 0.7 gm. of
CO, per sq. metre per hour. This range holds for
sites from north Sweden to south Germany at least,
and there is no indication of a consistently more
intense respiration of mull soils as compared with
mor soils.

In view of the lack of data Romell measured the
rate of CO, production by a mull and a type of mor
known as root duff., The accumulation method of

TABLE 15 CO, production in gm./sq. metre/hour
Crumb Mull Root Duff Locality
July Ist 0.24 0.41 Enfield, Jacksonville
13 .. 0.24 0.18 » »
22 . 0.30 0.16 ' "
27 ... 0.37 0.12 Camillus, Baldwinsville
29 .. 0.14 0.19 Enfield, Jacksonville
Aug. Ist 0.24 0.12 ' .
6 .. 0.24 0.17 . '
14 .. 0.30 0.32 Camillus, Baldwinsville
Mean 0.26 0.21




MULL AND MOR 31

measuring CO, production, by means of a metal bell
resting on the surface of the soil, was used. The
ground vegetation on the sites was sparse and the few
small green plants present were left undisturbed.
He is of the opinion that the stands produced much
the same amount of litter and had the same amount
of roots. Organic matter determinations per square
metre down to a depth of 40 cm. showed the crumb
mull to contain 32.1 kgm. and the root duff, 14.3
kem. The values obtained for the production of
CO, in gms. per square metre per hour do not
indicate any characteristic difference between the
two sites. (See Table 15.)

When referred to unit weight of organic matter in
the top decimetre of soil in each case, the rate of
CO, production is even higher in the root duff than
in the mull (32 mgm. per kgm. organic matter per
hour compared with 25 mgm*). This investigation
does not provide evidence supporting the hypothesis
that the surface accumulation of organic matter in
mor is the result of a slower rate of loss ¢f organic
matter, as measured by CO. production, as compared
with the rate of loss in mull. It does however point
to the possibility that the difference between crumb
mull and root duff may lie in the course the decom-
position takes rather than its speed. There is how-
ever one point which seems to have been overlooked
in this work, especially in cases where the mor is due
to coniferous species, for most of the measurements
have been made aver short periods in the summer
and autumn months. This means that whereas in
the good crumb mull the previous seasons litter has
almost, if not completely, disappeared so that
substrate for the respiration of microorganisms is-
likely to be at a minimum, in the conifer mor the
old needles will have recently been shed and so
provide new supplies of substrate for the micro-
organisms. This may to some extent be counteracted
by drying out of the mor layer during the summer
months, thereby reducing considerably the activity of
micro-organisms and consequently CO, production.
It would therefore seem necessary to make measure-
ments of CO, production in both mull and mor over
a whole year at least.

Although the work of Melin (1930) was carried out
in the artificial environment of the laboratory, his
results seem to be of interest in connection with the
relative rates of decomposition of organic matter, as
measured by CO, production, in mull and mor.
He collected the dead leaves, freshly fallen or still
attached to the twigs, of a number of tree or shrub
species and of a fern; in some cases samples were
collected separately for the same species growing on
more than one site. The soil types of the various

sites are not stated. The dry litter was ground and
5 gm. quantities placed in culture flasks along with
100 gm. of pure quartz sand without sterilisation;
water equivalent to 15 9 of the sand and 100 of the
leaf material was added. The flasks were then
inoculated with an emulsion of beech-maple forest
soil and maintained at a temperature of 25°C.
Each day the CO, accumulating in the flasks was
blown out by CO, free air and collected. The
results of the first experimental series indicate high
rates of CO, production at the beginning of the
experiment, followed by a gradual falling off during
the first 27 days. In the second experimental series,
using material from the same species as in the first
experiment but from different sites and also from
additional species, an initial high rate of CQ,
production was, as before, [ollowed by a fall; but
in a number of cases there was a subsequent increase;
this occurred during the latter part of the first 36
days of the experiment. In both series, measure-
ments of CO, production were made over the period
75-77 days from the beginning of the experiment,
and in all cases the rate of CO, production was then
relatively low. Table 16 shows CO, production
per hour per kilogram of organic matter during
the first and second periods, arranged in descending
order of magnitude, and loss of organic matter
after four months decomposition at 25°C., and has
been constructed from Melin’s results.

Whilst there is by no means a close parallel
between percentage loss of organic matter and
mgms. of CO, produced per hour per kilogram of
original organic matter in the first or second periods
during which CO, production was measured, there
is a tendency for similar values in all these three
properties to show parallel grouping.

The rate of CO, production in the initial period is
generally considerably higher than the values
obtained by Romell for soils when expressed on the
same basis. In the later stages, however, the values
are essentially of the same order as those obtained
for soils by Romell. This seems to suggest that any
measurements of CO, production by mull and mor
should be carried out over at least a complete year
before adequate comparisons can be made.

These quantitative observations on the organic
matter content of, and CO, production by, mull and
mor sites do not seem to give any support to the
hypothesis that mor is the result of a slower rate of
decomposition of vegetable debris, which has often
been supposed to be the result of unfavourable
climatic conditions. The apparent implication from
this last concept that litter and its decomposition
products are qualitatively similar but quantitatively

* There appears to be miscalculation in the original paper [or the value is given as 15 mgm. ; it would seem that

it should be 25 mgm.
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MULL AND MOR 33

different in the two soil types would, as far as present
evidence goes, seem to be incorrect.

It may well be, however, that the quantitative
observations referred to do not give an accurate
picture, since measurements of CQO, production have
not been carried out over at least a whole year nor
would they give any idea of the amount of break-
down of litter material which is subsequently
followed by resynthesis of the breakdown products
by micro-organisms into different complex materials.
In laboratory experiments on isolated samples of
litter, even when inoculated with soil, there is
usually- such a high ratio of litter to soil compared
with conditions in nature that, unless there is
repeated inoculation, it is possible that organisms
playing an active part in the later stages may be
absent as a result of the antibiotic effects produced
by organisms active in the early stages of litter
breakdown. This could result in a greater break-
down of litter in nature than under experimental
conditions, provided other environmental factors
such as temperature and moisture remained the
same.

Since a number of observations give indications
that the course of breakdown of litter may be more
important than the rate of breakdown in determining
the formation of mull and mor, some indication as
to the possible reasons for the formation of mull and
mor may be obtained by consideration of the changes
which are going on in the organic constituents of
litter, and the nature of the organic matter of these
two soil types. Proximate chemical analyses have
been used in many of the observations on these
problems but, on account of the complexity and
intractability of many of the materials involved,
many of the observations are empirical in nature
and difficult if not impossible to interpret.

Changes in the Cellulose of Litter During the Forma-
tion of Mull and Mor

Cellulose is one of the more well-defined substances
present in the litter of plants and is generally readily

TaBLE 17

attacked by a number of micro-organisms under
suitable conditions. Yet there are reports of its
occurrence in organic matter of vegetable origin
which has been in contact with the soil for a con-
siderable time. Although there have been a number
of investigations on the cellulose contents of peat
formed under conditions of water-logging (Waksman
(1938) ), it is not easy in the case of forest soils to
find data allowing of a comparison of the cellulose
contents of mull and mor. Waksman (1938) states
that in humus which is still rich in partially decom-
posed plant residues, such as the F. and H. layers of
the raw humus of a forest soil profile and highmoor
peats, considerable quantities of true cellulose may
still be present. Lutz and Chandler (1946) quote
Watson’s findings for the cellulose content of the
various horizons of the soil from an old eastern
white pine-eastern hemlock stand and also from a
75-year-old red spruce stand. The values for these
soils may be compared with those obtained by
Waksman, Tenney and Stevens (1928) for the cel-
lulose content of the F and H layers of the soils of a
northern hardwood-spruce forest in which hard-
wood leaves form the great bulk of the litter, a
mixed forest of coniferous and deciduous trees, and
a spruce forest with a heavy growth of Hylocomium
parietinum. It is not possible to ascertain whether
similar methods were used for cellulose estimation in
both cases. The results of these two investigations
are shown in Table 17.

Although the soil types are not specified it is per-
haps of some importance that the relative percentages
of cellulose remaining in the H layers increase from
the northern hardwood-spruce forest to the spruce
and eastern white-pine-eastern hemlock forest. In
terms of absolute amounts, if the amount of organic
matter completely decomposed in the various cases
differs widely, there may have been very much
greater relative destruction of cellulose in, say, the
northern hardwood-spruce soil than in, say, the
spruce forest soil than the figures lead one to believe.
It would probably be very difficult, if not impossible,

Old eastern white
pine-eastern
hemlock

Northern Mixed
Red spruce hardwoods- | hardwood Spruce
sprucc conifer

L F H L

F H F H F H F H

Cellulose as percentage of 16.3

dry weight

10.6 | 417 | 9.44 | 2.56 | 7.28 | 3.84

Cellulose as percentage of

ash-free material 13.7 8.2 5.2

Note: The letters L, F, and H, refer to the three main humus layers, L signifying the upper “litter” layer, F the central

or “fermentation” layer, and H the lower layer of “static’’ humus.

These layers, however, cannot be precisely defined.
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to determine cellulose loss on this basis for field
samples.

Waksman (1938) expresses the opinion that as one
proceeds along a soil series indicated by the terms
podzol to serozem, which includes mull and mor
sites, differences in the chemical composition of the
organic matter of the various soils are evident;
among these is the disappearance of cellulose, which
is completely absent from the serozem whereas the

humus of podzols is characterised by an abundance

of cellulose.

These indications appear to be supported by the
indirect experimental observations of Lindeberg
(1944) who investigated the disappearance of
cellulose from the litter of a number of plant
species, under the influence of various species of
Marasmius, by cultivating pure cultures of fungi in
the laboratory on sterilised litter for 6 or 7 months.
The cellulose was determined by the use of
Schweizer’'s reagent. The results obtained for
destruction of cellulose are shown in Table 18.

TaBLE 18
Marasmius Percentage of
species cellulose
destroyed

M. androsaceus 20.5
M. chordalis 12.8
M. fulvobulbil- 19.3

Pine needles losus

from Nantuna M. perforans 347

Denmark M. peronatus 16.1
M. putillus 17.5
M. rotula 12.4
M. scorodonius 35.6
M. alliaceus 84.9

Beech litter M. foetidus 86.6

Uppsala M. putillus 19.7

Castle Park M. ramealis 84.9

M. scorodonius 67.2

Aspen litter from

Fibodarna, M. epiphvilus 76.6

Bondkyrka

Straw of M. graminum 50.6

Glyeeria maxima { M. oreades 91.3

Although the soil types on which the plants, from
which the litter was collected, were growing are not
stated and the experimental conditions are artificial,
it is interesting to note that the pine litter, which
quite possibly represents mor-forming material,
shows considerably less reduction in cellulose content
than the litter from the other species, which probably
represents mull-forming material. Lindeberg deduces
from this that the cellulose in pine needles seems
more resistant to attack.

There is therefore a suggestion that the breakdown

of cellulose is either less rapid or not so complete in
mor as in mull. As far as is known attempts have not
been made to ascertain the origin of such cellulose;
i.e. whether it is derived from all the tissues of the
litter or only from certain tissues, e.g. the vascular
tissue, or whether it comes from roots present in the
mor or is a product of microbial synthesis.

Changes in the Organic Nitrogen of Litter During the
Formation of Mull and Mor.

Plant tissues falling to the ground as litter contain
varying amounts of nitrogen, a considerable propor-
tion of which is in the form of protein. If the litter
protein is in an uncombined form it should be
rapidly decomposed by the soil micro-organisms as
is the case with other proteins added to soil, e.g.
Lathrop (1916) who observed that in 240 days 799,
of the nitrogen of dried blood added to arable soil
was converted to ammonia nitrogen. Although
Waksman (1938) states that when proteins are
introduced into soil or compost they are attacked by
a great number of organisms and changed to
peptides, amino acids and finally ammonia, he also
states that the proteins of certain plant residues, such
as oak leaves and pine needles, seem to be highly
resistant to micrabial attack by reason either of
their specific nature or of the formation of complexes
with other plant constituents.

Analyses indicate that up to 989, of the total
nitrogen in the soil may be in organic form. It would
therefore appear to be important to try and ascertain
whether any changes in the form or amount of
organic nitrogen have occurred during the trans-
formation of litter to soil organic matter and
whether any such changes are characteristically
different in mull and mor. Some observers have
been concerned with changes in total nitrogen of the
organic matter or in water-insoluble nitrogen of the
organic matter, others have multiplied values for
water insoluble nitrogen content by the arbitrary
figure of 6.25 and the results have been deemed to
represent protein content.

Bornebusch (1930) gives the results of analyses of
the nitrogen content of samples from two mull sites
and two raw humus sites. When the values for total
nitrogen are recalculated as a percentage of organic
matter for various parts of the profile the results
shown in Table 19 are obtained.

The analytical methods used are not mentioned
nor are the histories of the stands before the present
crops. Weis (1932) states that in his work on
podzols, analyses showed a uniform increase in the
nitrogen content expressed as a percentage of the
humus as depth increased; in some cases the nitrogen
content was as high as 229 of the humus. His later
results also showed an increase in nitrogen content
of the humus with depth, but the increase in this case
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TABLE 19

35

Nitrogen Content

Beech Mull Site as Percentage of

NitrogenContent

Spruce Mull Site as Percentage of

Organic Matter Organic Matter
Newly fallen leaves 1-5 cm. 1.47 Needle layer 1 cm. .. 1.72
Old leaf layer 0-5 cm. ... 1.70 Mull layer 0-2 cm. depth 2,22
Worm casts ... 1.91 Upper topsoil at 8 cm. depth 2.50
Upper mull soil 0-5 cm. depth 2.07 Topsoil at 22 cm. depth . 2.00
Lower mull soil 5-15 cm. depth 2.14
Topsoil at 35 cm. depth 2.00

Nitrogen Content Nitrogen Content

as Percentage of
Organic Matter

Beech raw humus site

as Percentage of

Spruce raw humus site
Organic Matter

Newly fallen leaves 2 cm.

Old leaf layer 2 cm. ...

Upper raw humus 0-4 cm. depth
Middle raw humus 4-7 cm. depth
Lower raw humus 7-9 cm. depth
Leached sand 15 cm. depth

Soft pan 30 cm. depth

NN —
QOO NOA
Oogoo»—-\lu.

Moss and needle layer 4 cm. 1.91
Upper raw humus 0-5 cm. depth 1.87
Middle raw humus 5-8 cm. depth 1.69
Lower raw humus 8-10 cm. depth 2.16
Leached sand 20 cm. depth ... 2.00
Soft pan 30 cm. depth 1.83

is much smaller. The average values for the nitrogen
content of the humus in the various horizons for 10

profiles from the Grinstead Heath Plain are shown in
Table 20.

TABLE 20
Bleached Humus Iron ;
Raw Humus Sand Hardpan Hardpan Subsoil
Average values for
nitrogen content as
percentage of humus 1.819% 1.71% 2.529, 2.349, 2.529,

He associated this increase in nitrogen content with
depth with the more rapid downward movement of
organic colloidal constituents containing highest
amounts of nitrogen. The differences between his
carlier results and the later ones he put down to
differences in the geological characteristics of the
mineral soil. The results obtained for the nitrogen
content of the organic matter in the various horizons
of a Russian podzol by Zacharov are quoted by
Waksman (1938) as set out in Table 21.

TABLE 21
Soil Horizon _Percentage of
nitrogen in humus
Strongly Al 5.65
podzolised fine A2 8.11
sandy soil at B2 8.38
Vologda Cl 8.49

He also makes the generalisation that although
the concentration of humus and nitrogen diminishes
with depth in the case of podzol soils, the nitrogen
content of the humus becomes greater in the lower
horizons; and further that although the amount of

humus found in chernozem soils is much higher than
in the podzols (except for the surface organic layer
of the latter) the nitrogen content of the humus is
lower; in addition, the humus is more uniform in
chemical nature and is distributed to a much
greater depth.

A marked increase in the nitrogen content of the
organic matter of a mor soil as distance from the
surface increases is indicated by the results obtained
by Watson (1930) quoted by Lutz and Chandler
(1946), and set out in Table 22. The changes are
shown in terms of “protein”. The samples were
obtained from an old eastern white pine—eastern
hemlock stand in New Hampshire. These observa-

TABLE 22

“Protein’’ content as a percentage

Soil Horizon .
of organic matter

Wy >

~N_
RhoLo—

6
0
1
5.
7
6

) =t = —
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tions are in agreement with the findings of Weis.
Nemec and Kvapil (1926) also made a number of
estimations of variation in nitrogen content of the
organic material with increasing depth in the
profiles of soils on which pure and mixed stands of
spruce, pine, oak, beech and other hardwoods,
which had had various treatments, were growing.
Although many of the stands seem to have developed
something approaching a mor layer, only two pine
stands and one spruce stand, with the possibility
of two further spruce stands, are associated with
mor and quoted as having leached layers. The history
of the stands prior to the present tree crops is not
given, but it seems possible that the soils were mull-
type soils and therefore in many cases any nitrogen
distribution characteristics due to the present mor-
forming stands, and those of possibly previous mull
conditions, may be masking each other. If the
variation in nitrogen content of the organic matter
of various horizons of the pine podzols are com-
pared with those of mull soils on which young and
mature hardwood stands are growing, although the
percentage of nitrogen in the organic matter may be
greater in the mull soils of the broadleaved stands,
the relative changes in nitrogen content are not
necessarily very different and do not seem to allow of
characterisation of the two types of soil (see Tables 23-
26). It is interesting to note that the organic matter
of the lower layers of the soil from beneath a 100-
year-old spruce stand, which had been recently
clear-cut, contained very high nitrogen contents
reminiscent of those obtained by Weis. It is
difficult to understand what form an insoluble
material containing such a high concentration of
nitrogen could take, and it seems probable that the
small concentrations of organic matter in the hori-
zons, where the high nitrogen concentrations have
been observed, have led to analytical inaccuracies.
It is also difficult to understand why the nitrogen
distribution in the profile of the spruce stand,
examined soon after clear-felling, should show such
differences in comparison with the nitrogen dis-
tribution in the profile of the mature spruce stand of
which it had formed a part and which in turn
resembles more closely, in nitrogen distribution in
the profile, the soil of the clear-cut area after it had
been clear-cut for a period of two years. Some of the
findings obtained by Nemec and Kvapil (1926) are
given in Tables 23 to 26.

The results obtained by Nemec and Kvapil also
indicatc high nitrogen contents in the organic matter
in the lower horizons of a number of other soils.
Thus a young ash stand was growing on a soil which,
at a depth of 55-75 cm., contained 0.33 % organic
matter and had a nitrogen content which is given as
9.33 %, but which would seem to be 37.58%,. A pure
beech stand was growing on a soil which at a depth of

6-16 cm. contained 0.19 %, organic matter, having a
nitrogen content given as 12.659%; but which would
seem to be 32.63%,. Similarly, a spruce polewood
was growing on a soil, on to which oak leaves had
blown, which at a depth of 60-80 cm. contained
0.199{ organic matter, having a nitrogen content
given as 10.73 % but which would seem to be 40.00 %,.
Although it is not stated it seems likely that these
last-mentioned soils are mull soils.

From the data available it would seem that in
many soils there is a considerable increase in the
concentration of nitrogen in the organic matter of
the soil with increasing depth in the soil. These
increases in nitrogen content of the organic matter
with depth do not seem to be especially character-
istic of either mull or mor sites, and it seems that
the extremely high values are likely to be artifacts in
both cases.

The accurate interpretation of such findings
requires the compilation of a complete nitrogen
balance sheet for the various soils; this would be
extremely difficult if not impossible to obtain. For
example, it would be necessary to know the amount
of original litter and its nitrogen content from which
the soil organic matter and its associated nitrogen
content arose. In addition it would be necessary to
know whether or not, in the case of both mull and
mor, much of the original organic nitrogen of the
litter has been completely decomposed, in the sense
that cellulose can be completely decomposed to
carbon dioxide, since there is often a relative increase
in the concentration of insoluble organic nitrogen
during the decomposition of litter, i.e. is the organic
nitrogen of the litter resistant to breakdown in some
cases, whilst in other cases a new and resistant
microbial nitrogenous material is built up from the
decomposition products. Roots may also absorb
considerable quantities of nitrogen released during
the decompositon of litter. There is little or no
evidence by which such questions can be answered.
Miiller (1879) was of the opinion that the black
fungal hyphae developing abundantly in beech mor
were almost indestructible; the protein of the
protoplasm of such hyphae may have disappeared
soon after death leaving a chitinous envelope which,
if composed of glucosamine units, may represent
nitrogen stable to breakdown under mor conditions
and built up from the decomposition products
of the organic nitrogen compounds initially present
in vegetable debris.

The problem may also be complicated by the
microbiological fixation of atmospheric nitrogen
during the decomposition of litter. In 1897 Henry
gathered the dead, but not yet fallen, leaves from
young oak and hornbeam trees and dried them first
at room temperature and then at 100°C. The leaves
of each species were exposed in the open air, in
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82-YEAR-OLD PINE STAND WITH SPRUCE UNDERGROWTH

Table 23

Percentage of nitro-

Percentage of organic

Horizon gen in organic matter in dry soil
matter
Humus layer 0-6 cm. 2.60* 36.13
Black infiltrated layer 6-20 cm. 2.88 8.05
Grey leached sand 20-40 cm. 1.25 0.08
Hard pan 40-42 cm. 1.42 3.01
Light yellow subsoil 42-75 cm. 3.05 0.36
Sand 75-85 cm. 2.16 0.37

Note: *It would appear that this value should be 2.33,

100-YEAR-OLD-SPRUCE STAND AFTER CLEAR-CUTTING

TABLE 24

Horizon

Percentage of nitrogen
in organic matter

Percentage of organic
matter in dry soil

Humus layer 0-2 cm.

Vegetal layer 2-12 cm. ..

12-22 cm.

22-37 cm.

Loamy sand < 37-52 cm.
52-62 cm.

62-72 cm.

(72-87 cm.

3.07

3.88

3.59
11.34
15.66
25.71
31.76
29.16*

Note: *It would appear that this value should be 45.83.

75-YEAR-OLD CLOSED PURE SPRUCE STAND

TaBLE 25

. Percentage of nitrogen | Percentage of organic

Horizon in organic matter matter in dry soil
Humus layer 0-4 cm. 2,58 50.42
Vegetal layer 4-6 cm. 2.10 9.80
6-16 cm. 3.35 2.83
1630 cm. 6.30 0.92
Loamy sand < 30-45 cm. 7.39 (1) 0.69
45-60 cm. 7.28 0.59
60-75 cm. 8.11 (2) 0.53
75-90 cm. 10.66 (3) 0.33

Note: 1t would appear that 1, 2 and 3 should be respectively 7.29, 9.06 and 10.61.

90-100-YEAR-OLD HEAVILY THINNED BEECH, MAPLE, ASH AND HORNBEAM

TABLE 26
. Percentage of nitrogen | Percentage of organic
Horizon in organic matter matter in dry soil

Humus 04 cm. 4.29 25.65
Vegetal layer 4-15 cm. 5.07 10.45

15-30 cm. 16.92 1.30

3045 cm. 10.11 0.92
Mineral soil < 45-60 cm. 5.56 1.04

60-75 cm. 4.78 1.35

75-90 cm. 4.43* 0.79

Note: *It would appear that this value should be 10.12.

37
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TABLE 27
Percentage of nitro- | Percentage of nitro- Percentage of nitro- Nett gain in
gen in leaves at | gen in leaves after | Percentage loss | gen in terms of | percentage of
beginning of ex- 1 year of organic matter | original dry weight nitrogen
periment
Oak 1.108 1,923 21.63 1.508 0.400
(limestone)
Hornbeam 0.947 2.246 23.01 1.727 0.780
(sandstone)
Percentage of nitro- | Percentage loss of | Percentage of nitrogen in terms of Nett gain in
gen in leaves after organic matter original dry weight percentage of
2 years nitrogen
Qak 1.73 29.64 1.22 0.11
(sandstone)
Hornbeam 2.15 28.6 1.53 0.58
(limestone)

zinc boxes protected from emanations from the
soil and from sources of ammonia, the leaves lying
in contact with both limestone and sandstone blocks.
Analyses of the litter at the commencement of the
experiment showed them to contain 1.108 % nitrogen
in the case of oak and 0.947 9{ nitrogen in the case of
hornbeam. The nitrogen content was measured
after one year. After lying for 18 months the
material in each of the two remaining boxes was
inoculated with 50 gm. of fine forest soil whose
water and organic matter content were known and
then allowed to lie for a further six months (two
years in all) before nitrogen estimations were carried
out. The results are given in Table 27.

Both the oak and the hornbeam leaves were black
but still perfectly recognisable at the end of the
experiment, which seems to demonstrate that com-
paratively large amounts of atmospheric nitrogen
are fixed during the decomposition of forest litter
although there are difficulties associated with such
experiments which may throw some doubt on the
validity of the results. Nemec and Kvapil (1924)
demonstrated that in many cases isolated samples
of the various horizons of forest soils could, in the
presence of nutrient material and under very artificial
laboratory conditions, fix considerable quantities of
atmospheric nitrogen during a period of 30 days.
It has been demonstrated that bacteria can fix
atmospheric nitrogen, and it seems reasonably
certain that a number of soil fungi can fix atmos-
pheric nitrogen even though in small quantities.
Foster (1949) has discussed the present position of
this problem. The soil fungi which seem to be most
active in fixing atmospheric nitrogen, but which are
much less active than the nitrogen fixing bacteria
under experimental conditions, are those [orming
mycorrhizal associations with members of the
Ericaceae, although the wood and litter destroying
fungi do not seem to have been investigated from

this point of view. The use of isotopic nitrogen
(N 15) in recent times has made it even more certain
that some fungi at any rate are able to fix elementary
nitrogen. The biological fixation of atmospheric
nitrogen may therefore be of considerable impor-
tance in any considerations of nitrogen changes dur-
ing the decomposition of vegetable debris.

It seems reasonable to suppose that there is a
relative increase in the nitrogen content of soil
organic matter compared with the nitrogen content
of the litter from which it was formed. Depending
on the extent, if any, of the fixation of atmospheric
nitrogen under natural conditions of litter decom-
position, this relative increase in the nitrogen content
of soil organic matter may also represent an absolute
increase in nitrogen content, or it may indicate that
the nitrogenous constituents of litter are more
resistant to decomposition than some of the non-
nitrogenous constituents; it may also represent
nitrogenous material, relatively resistant to decom-
position, resynthesised from the decomposition
products of the nitrogenous material of litter.

Since a considerable part of the nitrogen added to
the soil in litter is in the form of protein it becomes
important to know why the nitrogenous compounds
of the soil appear to be relatively more resistant to
breakdown than some of the non-nitrogenous
materials of the litter. If the nitrogenous constitu-
ents of litter are resistant to decomposition then it
should be possible to detect the presence of consider-
able amounts of protein in soil organic matter.

It has been deduced from various investigations
that proteins are present in soil, but it does not seem
to have been possible up to the present to isolate free
proteins from soil. The evidence for the occurrence
of proteins in soil has been obtained largely from
analyses of soil hydrolysates, but whether the
protein material whose presence appears to have
been demonstrated in soil is a constituent of living
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material in the soil, or represents inanimate material
in the soil derived more or less directly from veget-
able debris, has not been determined. In the first
instance amino acids were isolated by chemical
methods fromthe hydrolysates, e.g. by Suzuki(1906-8)
and Robinson (1911), Schreiner and Shorey (1910),
and Kojima (1947b). Inotherinvestigations (Kojima
(1947a) ) the Van Slyke manometric and ninhydrin
methods have been used. In some recent investiga-
tions chromatographic methods have been used.
By this method Bremner (1950) detected the presence
of 20 different amino acids in hydrolysates from each
of ten soils studied, but was unable to detect the
presence of free amino acids in concentrated cold
aqueous extracts of these soils, although in further
work on acid peats (Bremner (1952)) very small
amounts of free amino acids were detected on
chromatograms of aqueous extracts. Dadd, Fowden
and Pearsall (1953) also detected small amounts of
free amino acids in the fluid expressed, by means of a
tincture press, from a number of soils covering a
wide range of acidity and humus types. The results
obtained suggested that a relationship may exist
between the reaction of the soil and the free amino
acid content of the expressed fluid. The more acid
the soil the greater the total concentration of free
amino acids in the expressed fluid. There is also
some evidence of seasonal differences in the free
aminoacids presentin the expressed fluid. There does
not, however, appear to be a correlation between
the amino nitrogen detected as free amino acids
and the total nitrogen content of the soils expressed
as a percentage of their dry weight. When amino
acids, including those observed by Dadd, Fowden
and Pearsall in fluids expressed from soils, are added
to solutions with which cultivated soils are being
perfused (Quastel and Scholefield (1949) ) they are
rapidly nitrified. It therefore seems probable that
only very small amounts, at the most, of the amino
acids detected in soil hydrolysates represent amino
acids in the free state in the untreated soil. These
investigations indicate that about 37% of the
nitrogen in the soils examined was liberated as amino
nitrogen, but such values are probably minimal
on account of destruction of amino acids during
hydrolysis. Soil hydrolysates contain large amounts
of ammonia and it is thought that some of this is
derived from acid amide residues of protein material;
so that it seems that at least 509 of the soil nitrogen
is in the form of protein. Kojima places the value as
high-as 75%,.

There have not been many investigations of the
amounts of the various amino acids yielded by
hydrolysates from different kinds of soil, and still
fewer in which mull and mor have been compared in
this respect. Bremner (1950) found that chromato-
graphic analyses of the acid hydrolysates of ten

different soils, which did not, however, seem to
include raw humus, indicated that the protein
materials of these soils are similar in their amino
acid composition. Davidson, Sowden and Atkin-
son (1951) and Parker, Sowden and Atkinson (1952)
extracted organic material from a podzol and from
a prarie soil by the use of reagents such as a sodium
hydroxide, and compared, by chromatographic
methods, the amino acid constituents of the fractions
obtained. Although the methods used did not
allow of the determination of the identity of the
whole of the nitrogen of the soils, the final results
obtained, for the nitrogenous material extracted,
do not indicate distinctive differences in the amino
acid composition, either between the soils or between
the various fractions isolated from each soil.
Bremner (1952) has also demonstrated the presence
of amino acids in considerable amounts in acid
hydrolysates (using 6 N hydrochloric acid) of
various humic acids, as usually prepared, both
before and after purification.

Some time ago Waksman (1938) expressed the
opinion that a knowledge of the chemical composi-
tion of plant and microbial proteins is highly
essential for an understanding of the decomposition
of plant residues and the formation of the nitrogen-
ous constituents of humus. This view is emphasized
by the isolation and detection of amino acids in soil.
As yet, however, there has been no attempt to com-
pare the composition of the protein material present
in litter falling on a soil and that of the protein
material of soil organic matter, and therefore such
comparisons have not beert made for mull and mor.

It is therefore evident that very little is known of
possible differences between the organic nitrogen of
different soil types; but in view of the observations on
the relative increase in the nitrogen content of soil
organic matter with depth, it would seem to be im-
portant to know the nature of this apparent resis-
tance of the nitrogenous material to decomposition,
especially since a considerable proportion of it
appears to be protein in nature. If the original
nitrogenous material of the litter remains unchanged
in the soil it would seem that at least the protein
fraction must be united to some substance which
renders it relatively immune to decomposition. If on
the other hand the organic nitrogen of the litter is
largely decomposed and subsequently resynthesized
into structural or extracellular microbial organic
nitrogen, then the extracellular organic nitrogen
especially, may have quite different properties
compared with the organic nitrogen of the litter.
The microbial proteins may be united, especially on
the death of the micro-organisms concerned, with
materials rendering them resistant to decomposition.
Morton (1951) has demonstrated that extracellular
“organic” nitrogen compounds are formed in culture
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by various soil fungi growing on inorganic sources of
nitrogen. The nature of these organic nitrogen
compounds is not known, but they seem to increase
in amount with time and may reach 10 or 20% of the
originally available nitrogen and then remain
constant. These substances appear to contain amino
nitrogen and to be stable in the presence of the
organisms producing them. It seems possible that
materials of this kind may form at least part of the
nitrogenous materials which are resistant to decom-
position in soils. On the other hand Waksman
(1938) points out that when plant and animal
residues are added to soil they become subject to
various chemical and other influences which may
result in interaction between amino acids and
carbohydrates, tannins and proteins, and lignins and
proteins; thus the proteins of certain plant residues
such as oak leaves and pine needles seem to be
highly resistant to microbial attack either by reason
of their specific nature or of their formation of
complexes with other plant materials. Bremner
(1951) states that up to 309 of soil nitrogen is
resistant to acid or alkaline hydrolysis, and this has
been taken to indicate that much of it is non-protein
in nature and has led to the suggestion that part of
the organic nitrogen of soils is in the form of
heterocyclic compounds. It is clear that much
further work is necessary on this aspect of the
problem.

Another aspect of the decomposition of complex
organic nitrogenous materials in soil which may
indicate differences between mull and mor, concerns
the supply of comparatively simple, perhaps largely
inorganic, forms of nitrogen for the growth of higher
plants. In an attempt to ascertain how the com-
bined nitrogen of litter is set free as mineralised
nitrogen in the soil, Hesselman (1925) ground up
freshly fallen litter and mixed it in one case with
strongly nitrifying mull and in the other with a
strongly ammonia-forming mor. In both instances
the litter powder and infecting soil were mixed in
two proportions: 9 pts. powder to 1 pt. soil and 9
pts. soil to 1 pt. powder. Nitrate and ammonia
estimations were made on the mixtures after storing
for three months in a moist condition. Analyses were
also carried out on samples at the commencement of
the experiment. The results showed that there are
only relatively small amounts ol nitrogen in the
fresh litter at the beginning of the experiment which
can be extracted in the form of ammonia, and after
three months both the extractable ammonia and
nitrate are very small in amount.

Hesselman (1917) also investigated the mobilisa-
tion of nitrogen in terms of ammonia and nitrate
formation, expressed as percentage of total nitrogen
of the samples, after storing for three months, in
different soil types. He extracted the ammonia with

% HCl and the nitrate with distilled water. He

demonstrated that, in general, in conifer raw humus
the process only proceeded as far as ammonia
formation, whereas in mull soils nitrates were
formed even in decidedly acid soils. Even so it