








PREFACE

Although the importance of humus in agriculture was recognized by
the early Greek and Roman philosophers, it is only during the last
century and a half that attempts have been made to disclose the nature
of this group of organic complexes, their formation and decomposition,
and their rdéle in plant nutrition. Although a number of problems
concerned with the study of humus still await solution, sufficient evi-
dence has accumulated to warrant an attempt to summarize the
available information in a monographic manner.

Several reviews have been published dealing with certain aspects
of the origin, chemical nature, properties, and functions of humus.
It is of particular importance to note here Wollny’s book ‘““Die Zerset-
zung der organischen Stoffe’’ published in 1897, Baumann’s paper on
the ‘“History of the humic acids’ in 1910, Oden’s monograph on ‘Humic
acids,” several recent handbook summaries of chemical or agricultural
aspects of humus, as well as the numerous books on coal, peat, forest
soils, and composts. None of these, however, fully covered the sub-
ject of humus as a whole. The approach to the problem has usually
been made either from a purely chemical, physico-chemical, agricul-
tural, or technological point of view. Wollny is about the only one
who has made an all-embracing study of humus as a natural body, of
its formation, and transformation. Unfortunately, soil microbiology
was still in its infancy at that time, and little was known concerning
the roéle of microorganisms in the formation of humus.

No other phase of chemistry has been so much confused as that of
humus, as a result of which it frequently becomes necessary to lay
considerable emphasis upon the proper definition of the terms used.
Vague generalizations, as ‘“decay’’ and ‘‘putrefaction,’” have been used
for specific processes of decomposition; the great complexity of the num-
erous humic acids, all of which designated not definite chemical com-
pounds but mere preparations, and the unjustified comparisons between
the natural humus compounds, formed in soils, composts, or bogs, with
artificial preparations produced in the laboratory by the action of strong
mineral acids on carbohydrates, served not to advance the subject of
humus, but rather to confuse it.
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Studies of the origin and chemical nature of humus have been carried
out at the New Jersey Agricultural Experiment Station, during more than
fifteen years. In this work, the author has been assisted by some
twenty-five research workers, most of whom have obtained their ad-
vanced degrees from Rutgers University, using some phase of the study
of humus as the thesis subject. To them, grateful acknowledgment
should first of all be made. The author is particularly indebted to
R. L. Starkey, of the New Jersey Agricultural Experiment Station, for
reading and criticizing the manuscript as a whole; he is also grateful
for criticism and assistance rendered by C. F. Marbut, of the United
States Department of Agriculture, Washington, D. C.; by H. Jenny,
Columbia, Missouri; by R. Bradfield, Columbus, Ohio; by W. Fuchs,
of Rutgers University; and by C. E. Renn, who assisted in preparing
the figures.

New Brunswick, N. J.
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INTRODUCTORY

THE ROLE OF HUMUS IN THE ORGANIC CYCLE IN NATURE

With the exception of certain limited groups of organisms, known as
autotrophic bacteria, only the green or chlorophyll-bearing plants,
among all the living forms, are capable of synthesizing organic matter
from simple elements and mineral compounds; these nutrient elements
are derived partly from the atmosphere and partly from the soil, the
sea, or other substrates where plants grow. The plant kingdom capable
of bringing about this process is represented on this planet by forms
which range in size from microscopic organisms to giant trees: the
former require no fixed habitat, and comprise the various diatoms and
other algae inhabiting seas, rivers, and lakes, their life being only of
limited duration; the latter live for many centuries in fixed habitats.
The common ability of these forms to synthesize organic matter is a
highly important characteristic.

The animal kingdom uses the plants as the major source of food.
The animals, however, do not utilize the plant substance as a whole.
A part of the latter, frequently a major part, is either not consumed
at all or is left in an undigested or partially digested form. This
residual material is subjected to decomposition by microorganisms,
including bacteria, fungi, and protozoa inhabiting the soil, the sea, and
the compost, and represented there by numerous types possessing a
great variety of activities.

The animals, as well, sooner or later die, and their bodies, in addition
to the products of their metabolism, also become subjected to microbial
decomposition. As a result of these microbiological processes, the
elements which have originally been consumed by the plants for organic
synthesis are returned to circulation, thus completing the cycle of the
elements in the process of life.

However, the plant and animal residues do not become completely
mineralized. A certain part of these residues is more or less resistant
to microbial decomposition and remains for a period of time in an
undecomposed or in a somewhat modified state, and may even accumu-
late under certain conditions. This resistant material is dark brown
to black in color and possesses certain characteristic physical and chem-
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X INTRODUCTORY

ical properties; it is usually called HUMUS. As a result of the forma-
tion and accumulation of this humus, a part of the elements essential
for organic life, especially carbon, nitrogen, phosphorus, sulfur, and
potash, become locked up and removed from circulation. In view of
the fact that the most important of these elements; namely, carbon,
combined nitrogen, and available phosphorus, are present in nature
in only limited concentrations, their transformation into an unavailable
state, in the form of humus, tends to serve as a check upon plant life.
On the other hand, since humus can undergo slow decomposition under
certain favorable conditions, it tends to supply a slow but continuous
stream of the elements essential for new plant synthesis.

Humus thus serves as a reserve and a stabilizer for organic life on
this planet.

The actual concentration of organic matter in the form of humus in
the soil and in the sea far exceeds that present in all the living forms
of plants and animals. It is sufficient to call attention to the fact that
the humus content of the soil is considerably greater than the total
amount of organic matter present in all the crops harvested in a given
year from all the fields, orchards, and gardens, or that available in the
form of reserve foodstuffs. The large quantities of humus present in
peat and in brown and hard coal, which far exceed the supplies of
organic matter in our forests, represent organic accumulations during
many thousands of years. The amount of organic matter found in
seas, rivers, and lakes, whether in true solution, in colloidal suspension,
or in the bottom material, also exceeds many times (593) the organic
matter content of all plant and animal life in those waters.

The carbon content of the various forms of humus on this planet,
as well as that present in all living forms and in the atmosphere, has
recently (181, 1206a, 645) been calculated as follows:

\

metric tons O\' ‘{%
Carbon content of atmosphere...................... 600,000,000 1\\0
Carbon content of hydrosphere..................... 16,400,000,000,000 ¥ M"
Carbon content of anthracite coal.................. 422,000,000,000 \-k"} {M’
Carbon content of bituminous coal................. 2,732,000,000,000 ,
Carbon content of brown coals..................... 1,499,000,000,000
Carbon content of all forms of peat................ 1,123,000,000,000
Carbon content of all soils, to a depth of 30 em...... 400,000,000,00000‘;,::%
Carbon content of all living matter.................  '700,000,000,000 *

Lundegirdh (656) calculated that the amount of CO; consumed an-

nually by the green plants is about 59 billion to‘%s ; the total supply of
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oK. ;‘M'

CO; in the atmosphere would thus last only about thirty-five years’"

(989).

An understanding of the origin and chemical nature of humus, its
formation and accumulation, and its transformation and decomposi-
tion represents a highly important phase of our knowledge of organic
life. 'The microorganisms influence the cycle of humus in nature in
more than one way: 1. They bring about its formation from plant and
animal residues. 2. They continuously transform humus, under favor-
able conditions, and finally decompose it completely or ‘““mineralize’’
it. 3. Their own cell substance contributes directly as a source of
humus. The réle of microorganisms in the cycle of organic matter in
the soil, as well as in nature in general, is, therefore, indispensable.
Without them, the continued existence of life upon this earth, as we
know it, would have disappeared long ago, since most of the available
elements essential for plant growth would have been stored away in
the form of inanimate plant and animal residues.

This book is an attempt to tell the story of humus, its origin from
plant and animal residues, its chemical composition, its physical prop-
erties, its importance in nature, especially in soil processes and in
plant growth, and finally its decomposition. Humus is treated here
as a natural body, produced universally in nature, wherever plant or
animal residues are undergoing decomposition. Without denying the
role of purely chemical reactions in the formation and transformation
of humus, especially those of oxidation and reduction, hydrolysis and
polymerization, it should be recognized that the primary agents in the
formation and transformation of humus are the microorganisms; by
overlooking their functions, the earlier chemists failed to understand
the origin and significance of humus, in spite of the many years of effort,
from the beginnings of organic chemistry until recent times. The
soil, compost, peat bog, and ocean are living systems, where the organic
constituents are continuously modified by numerous processes brought
about by microorganisms which live in these systems and reproduce,
utilize energy and give off heat, decompose organic substances, and
construct new complexes. Humus and living microorganisms are con-
nected by numerous, invisible ties, which must be appreciated in order
to understand the origin and nature of humus.

A x)

oy
A



PART A
HISTORICAL DEVELOPMENT OF OUR KNOWLEDGE OF THE

CHEMICAL NATURE OF HUMUS, ITS FORMATION, AND
ITS ROLE IN PLANT NUTRITION






CHAPTER 1

NATURE AND CHARACTERISTICS OF HUMUS. TYPES OF
HUMUS

. . . ptnguis humus dulcique uligine laeta,
Quique frequens herbis et fertilis ubere campus . . .
—GEORGICS OF VIRGIL.

The study of the origin, chemical nature, and transformation of
humus has been limited chiefly to the réle that humus plays in soil
processes and plant nutrition. The importance of humus in the soil
is manifold: it serves as a source of nutrients for plant growth; it modi-
fies the physical and chemical nature of the soil in various ways; it
regulates and determines the nature of the microbial population and
its activities, by supplying sources of energy and various organic and
inorganic nutrients essential for their growth, and by making the soil
a more favorable substrate for their development. Humus gives to
fertile soils some of their most important physical and chemical prop-
erties. Humus characterizes the soil, since differences in the origin,
abundance, and chemical nature of humus result in the formation of
distinct soil types.

Humus may be looked upon as a storehouse of important chemical
elements essential for plant growth, especially of ecarbon and nitrogen,
and to a less extent of phosphorus, calcium, iron, manganese, and
others. The utilization of some of these elements held in the inorganic
fraction of the soil is also influenced by humus, through its chemical
interaction with the inorganic complexes. One should consider further
the colloidal effects of humus on the soil; its buffering properties which
modify the soil reaction; its combining power with bases; its influence
upon the oxidation-reduction potential of the soil; its adsorption of
certain toxic materials injurious to plant growth; its ability to supply
certain catalytic agents and small quantities of certain rare elements
essential for plant growth; its influence upon soil structure, upon the
moisture-holding capacity of the soil, and upon soil temperature; as
well as numerous other reactions which are of direct or indirect impor-
tance to plant growth. One will, therefore, not exaggerate in stating
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4 DEVELOPMENT OF KNOWLEDGE OF HUMUS

that a knowledge of soil humus is most essential for a proper under-
standing of the origin and nature of the soil as well as of the processes
that control plant growth.

The changing conceptions of humus. The term “humus’ dates back
to the time of the Romans, when it was frequently used to designate
the soil as a whole. It was later applied to the organic matter of soils
and composts or to different fractions of this organic matter, as well as
to complexes formed by the action of chemical reagents upon a variety
of organic substances. From Theophrastus (373-328 B.C.) to Wal-
lerius (1709-1785), the conception of ‘“‘oleum unctuosum,’ which stood
for ‘‘the soil or fatness of the land,”” dominated the ideas of the natu-
ralists. The great botanist Linnaeus (1707-1778) classified soils in
a manner similar to his classification of plants. Among the various
soil types thus recognized are found: Humus daedalea (garden soil),
Humus ruralis (field soil), Humus latum (muck soil), Humus damascena
(clay soil), Humus chistosa (red clay soil), etc. Wallerius (1245) first
defined ‘‘humus,’”” in 1761, in terms of decomposed organic matter.
However, the prevailing ideas concerning the chemical nature of humus
and the mechanism of its formation were very vague. Most often it
was considered as a complex, formed in soils, in bogs, or in composts,
from plant residues, by a special process of ‘‘humification.”

De Saussure, in his famous work ‘‘Recherches chimiques sur la
végétation’ (942), devoted considerable attention to humus (terreau).
He found that it is not a homogeneous substance, but that it consists
of various complexes (extractives, oils, salts) which can be readily
removed. Humus was found capable of absorbing oxygen, which com-
bined with the carbon of the soil to give CO,. About that time humus
was shown to contain a substance which was soluble in alkalies and
precipitated on acidification of the alkaline solution. Thaer (1140)
differentiated between ‘‘acid humus’ or peat, formed with limited
admission of oxygen, and ‘“mild humus,” formed in the presence of
sufficient oxygen. Liebig (638) spoke of humus as ‘““a brown substance,
easily soluble in alkalies, but only slightly soluble in water, and pro-
duced during the decomposition of vegetable matters by the action
of acids or alkalies.”

The term ‘“‘humus’ came into general use at a time when organic
chemistry was still in its infancy and when all organic and inorganic
compounds were considered to be substances very simple in chemical
composition. Unfortunately, it was not always used to designate the
same organic substances or preparations. Some applied this term to
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the total organic matter of the soil, while others designated by it that
part of the organic matter which is readily oxidized by certain reagents,
such as hydrogen peroxide or potassium permanganate (568, 345).
Frequently ‘“humus’ meant only that fraction of the organic matter
which is soluble in dilute alkali solutions (361, 1014); in many instances
the complex formed on precipitation of the alkaline extract by acids
was so designated (801, 79). More recently certain investigators
(371, 1077) have referred to that part of the organic matter which is
not acted upon by the acetyl bromide reagent as ‘‘humus.”” The use
of the term to designate soil organic matter as a whole was probably
the one most universally accepted, whereas the others, which included
only a part of the soil organic matter, and frequently a very small part,
were given less consideration.

Without going into a detailed review of the numerous conceptions
of humus prevalent during the 19th century, it may be well to call
attention to some recent ideas on this subject. Ollech (789) defined
“humus,’’ in 1890, as comprising ‘‘all those substances which are formed
in the decomposition and fermentation of organic matter of plant and
animal origin, or through the action of certain chemical agents upon
this organic matter, in the form of amorphous, non-volatile, non-
odorous, more or less dark colored organic compounds.”” Ramann
(859) spoke of humus or ‘“humus bodies’ as ‘‘colloidal complexes of:
varying composition, consisting of unchanged colloids of the original
plant substance mixed with carbon-rich decomposition products.” In
both of these definitions the réle of microorganisms in the formation
of humus is definitely recognized. According to Oden (781), however,
humus represents ‘‘those yellow-brown to dark-brown colored bodies
of unknown constitution which originate in nature through the decom-
position of organic substances under the influence of atmospheric
agencies or in the laboratory through chemical reagents (largely acids
or alkalies); they possess a definite affinity for water and show, if not
true solution or dispersion, a distinet swelling.” In this definition no
attention is paid to the importance of microorganisms which bring
about the transformation of the plant and animal residues to give rise
finally to humus (129).

Characteristics of humus. By taking into consideration the processes
of humus formation, largely as a result of the activities of various
microorganisms, one may suggest the following definitions: Humus is
a complex aggregate of brown to dark colored amorphous substances,
which have originated during the decomposition of plant and animal
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residues by microorganisms, under aerobic and anaerobic conditions,
usually in soils, composts, peat bogs, and water basins. Chemically,
humus consists of certain constituents of the original plant material
resistant to further decomposition; of substances undergoing decom-
position; of complexes resulting from decomposition, either by processes
of hydrolysis or by oxidation and reduction; and of various compounds
synthesized by microorganisms (968). Humus is a natural body; it
is a composite entity, just as are plant, animal, and microbial sub-
stances; it is even much more complex chemically, since all of these
materials contribute to its formation. Humus possesses certain specific
physical, chemical, and biological properties which make it distinct
from other natural organic bodies. Humus, in itself or by interaction
with certain inorganic constituents of the soil, forms a complex colloidal
system, the different constituents of which are held together by surface
forces; this system is adaptable to changing conditions of reaction,
moisture, and action of electrolytes. The numerous activities of the
soil microorganisms take place in this system to a large extent.

It is now definitely recognized that humus has resulted from the de-
composition of plant and animal bodies, mainly through the agency
of microorganisms although the possibility of certain chemical reactions
taking place in the process is not excluded. Humus has, therefore,
certain specific properties which distinguish it from other natural
bodies. These properties can be briefly summarized as follows:

1. Humus possesses a dark brown to black color.

2. Humus is practically insoluble in water, although a part of it
may go into colloidal solution in pure water. Humus dissolves to a
large extent in dilute alkali solutions, especially on boiling, giving a
dark colored extract; a large part of this extract precipitates when
the alkali solution is neutralized by mineral acids. Certain constit-
uents of humus may also dissolve in acid solutions and be precipitated
at the isoelectric point, which is at a pH of about 4.8.

3. Humus contains a somewhat larger amount of carbon than do
plant, animal, and microbial bodies; the carbon content of humus is
usually about 55 to 56 per cent, and frequently reaches 58 per cent.

4. Humus contains considerable nitrogen, usually about 3 to 6 per
cent. The nitrogen concentration may be frequently less than this
figure; in the case of certain highmoor peats, for example, it may be
only 0.5-0.8 per cent. It may also be higher, especially in subsoils,
frequently reaching 10 to 12 per cent.

5. Humus contains the elements carbon and nitrogen in proportions

AN
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which are close to 10:1; this is true of many soils and of humus in sea
bottoms. This ratio varies considerably with the nature of the humus,
the stage of its decomposition, the nature and depth of soil from which
it is obtained, and climatic and other environmental conditions under
which it is formed.

6. Humus is not in a static, but rather in a dynamic, condition, since
it is constantly formed from plant and animal residues and is continu-
ously decomposed further by microorganisms.

7. Humus serves as a source of energy for the development of various
groups of microorganisms, and, during decomposition, gives off a con-
tinuous stream of carbon dioxide and ammonia.

8. Humus is characterized by a high capacity of base-exchange, of
combining with various other inorganic soil constituents, of absorbing
water, and of swelling and by other physical and physico-chemical prop-
erties which make it a highly valuable constituent of substrates which
support plant and animal life.

Importance of humus in soil processes: The functions of humus in
the soil are largely threefold: 1. physical, thereby modifying the soil
color, texture, structure, moisture-holding capacity, and aeration; 2.
chemical, influencing the solubility of certain soil minerals, forming
compounds with certain elements, such as iron, which renders them
more readily available for plant growth, and increasing the buffering
properties of the soil; 3. biological, by serving as a source of energy
for the development of microorganisms, as well as by making the soil
a better medium for the growth of higher plants; it also supplies a slow
but continuous stream of nutrients for plant life.

Humus exerts various other important effects upon plant growth
which are still awaiting explanation; although some of these effects
are believed to be injurious in nature, most are definitely established
to be highly beneficial. The various attempts to explain these effects
by the formation of plant toxins, on the one hand, and of ‘“‘plant stimu-
lating substances’ or ‘‘auximones” (135, 715, 933, 180, 1297), on the
other, are still a matter of dispute. Of course, all reference to the
“gpirit of the soil”’ or the ‘‘reserve soil force’ represents speculative
generalizations not based upon sound experimental evidence.

Humus types. Although there is no doubt that because of their
role in plant nutrition, the most important forms of humus are those
found in field and garden soils, other forms of humus exist, which even
if not utilized for agricultural purposes, have important industrial and
other applications. The function of humus in plant and animal life
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in the sea and in inland water basins is still a matter of conjecture,
although its importance is well recognized. Humus in coal and in
peat as a source of fuel has been one of the major agents in the develop-
ment of modern industrial civilization. The function of humus in the
origin of petroleum is still a matter of dispute (1173). Any attempt,
however, to divide humus on the basis of its practical utilization would
prove to be largely artificial.

Since the suggestion of Linnaeus to separate humus into several well
recognized types, various classifications of humus have been proposed.
An early student of humus (517) recognized four distinct types or
varieties: 1. the brown variety, found in living vegetation, in recently
fallen litter, in peat, in decomposing sea-weeds upon the shores and in
fungi; 2. the black variety, usually found in an active state of decom-
position in the deeper layers of soil, in decomposing leaves and wood
of forests, in animal manures, in peat of swamps and in muds; 3. humus
in a state of transference, namely in the waters of rivers, lakes, springs,
and even in rain water; 4. humus in a fossil condition, in the form of
lignite, brown-coal and other carbonaceous deposits, as well as in many
minerals, such as hydrated ores of iron and manganese.

The accumulated knowledge concerning the origin and chemistry
of humus permits a more logical system of classification based entirely
upon the processes and conditions of humus formation.

A. Humus types formed by decomposition of plant and animal residues under
aerobic, or only partly anaerobic, conditions, in composts and in soil:
I. Humus of composts:
1. composts of stable manures,
2. composts of plant residues, with or without addition of in-
, organic salts (‘‘artificial manures’’).
-/ 1I. Humus in soil:

1. plant residues decomposed under conditions of high acidity or
low temperature, or both:

a. raw humus in forest soils,
b. raw humus in heath soﬂs,, .
c. alpine humus; ‘

2. plant residues decomposed under less acid, neutral, or alkaline,
conditions: typical soil humus (chernozems, humus in
chestnut soils, serozems, forest mull humus, etc.).

B. Humus types formed by decomposition of plant and animal residues under
anaerobic conditions:
.I. Recent formations:

1. highmoor peats,

2. lowmoor peats,

3. sedimentary peats.
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THE ROLE OF HUMUS IN PLANT NUTRITION

“Nur an Humus fehlte es, so meinte man friher, nur an Ammonzak fehle
es, so meint man jetzt.”’—LIEBIG.

The earlier conceptions of the réle of humus tn plant nutrition. The
nutrition of plants was considered by the Ancients, as well as during the
Middle Ages, to involve processes similar to those in animals; the nu-
trients were believed to be absorbed in a preformed condition by the
roots from the soil and to be subsequently modified in the plant tissues.
“Earth’’ was believed to be one of the essential ‘“‘elements’’ upon which
plants feed, in addition to the other three elements; namely, water,
air, and fire. Without knowing much about the existence of humus
in the soil or its significance in soil processes, the Ancients attached
considerable importance to its abundance. This can be recognized
by the fact that the Romans judged the quality of the soil by its color,
although Columella (185) emphasized the injurious effect of acid humus
in peat.

Van Helmont (417) and other naturalists of the 17th century at-
tempted to show that plants withdraw only water from the soil and that
manures act favorably upon plant growth only by supplying heat and
moisture. According to these naturalists, the living power of animals
and plants enables them to construct all tissues, including even the
mineral constituents, from the atmospheric air and the soil water.
Toward the end of the century, Woodward (1303) concluded that
earth, and not water, is the element essential for vegetable production.

The plant physiologists of the 17th century, including such prominent
investigators as Malpighi, did not dispense with the idea that plants
absorb their organic nutrients from the soil; the Aristotelian conception
of this process was somewhat modified, to include the idea that the
absorbed organic complexes undergo various chemical changes within
the plant tissues, before they become a part of the living plant. The
prevalent ideas concerning the nature of the materials absorbed from
the soil were very vague and were usually veiled in various metaphysical
speculations. Some investigators referred to the absorbed nutrients
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as ‘““the juices of the earth,” while others spoke of ‘“‘minute particles of
soil.” Some believed that plants, like animals, exert a selective action
upon the food particles, which explained the favorable results obtained
from plant rotations in practical crop production. Stahl, the founder
of the phlogiston theory, expressed the idea that plant materials have
the same chemical composition as inorganic substances; the former were
believed to be produced from the latter, namely, from the inorganic
salts and chiefly from water and ‘“‘phlogiston” (125). In the course of
time the importance in plant development of such an inorganic sub-
stance as nitrate was established (348); some appreciation of the true
functions of leaves also developed.

The period between 1630 and 1750 was characterized by an industri-
ous search for ‘‘the principle of vegetation’’; during this period, salt-
peter and water were individually proposed as the elements essential
for plant growth. In 1730, Tull stated that ‘‘small earth-like particles
serve as nutrients for plants, and air and water help to extract these
particles from the soil.” Kiilbel (697), in his book on soil fertility,
emphasized that magma unguinosum, supposed to be present in humus,
was the principle of plant growth and the major source of soil fertility.
Wallerius, soon afterward, in his famous book on ‘‘Principles of Agri-
cultural Chemistry’’ (1245), concluded, from the chemical analysis of
plants, that the humus of the soil is the essential nutritive element for
plant growth (nuiritiva), while the other soil constituents only assist
in the process of nutrition by mixing the food or dissolving it, thus
bringing it into a condition more suitable for entrance into the root
systems of the plants (instrumentalia). 'The favorable action of lime
on soil was believed to consist in dissolving the ‘‘fatness’’ of the humus,
‘while the function of clay was considered as that of fixing and retaining
this fatness. These ideas entered the agronomic literature, and the
“fat of the land’’ became synonymous with soil humus and the supply
of plant nutrients. Humus was considered to be of the greatest im-
portance in plant nutrition.

The end of the 18th and the early part of the 19th centuries was a
period of definite progress in knowledge of the processes involved in
the growth of plants, largely as a result of the work of Ingen-Housz,
Senebier, and de Saussure. Ingen-Housz (476) clearly recognized that
leaves absorb from the air a gaseous constituent which they use in
the presence of light to produce the combustible bodies in the plant.
Senebier (995) suggested that the process of COz-assimilation involves
reduction of this gas in the presence of light and results in the excretion
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of oxygen; he believed, however, that the CO; necessary for the nutri-
tion of the plants did not come chiefly from the air, but was absorbed
by the roots from the soil and was brought to the leaves with the rising
sap. The last conception was largely responsible for the fact that the
humus of the soil was for a long time considered to be the true source
of carbon for plant life. Only Th. de Saussure (942) succeeded in
clearly establishing the importance of the gaseous exchange in the nu-
trition of plants. He definitely demonstrated that plants synthesize
their organic matter from carbon dioxide and water, and give off oxy-
gen; the CO; is obtaired entirely from the air, while the nutrients de-
rived from the soil are very insignificant in amounts, as compared with
the total plant mass produced. He believed that the nitrogen was
absorbed from the soil or the atmosphere, in the form of vegetable and
animal extracts, as ammonia gas, or in other water-soluble forms. He
emphasized that the inorganic substances are absorbed chiefly from
the soil.

De Saussure was the first to develop the idea of modern plant nutri-
tion, based upon careful chemical investigations. It was thus definitely
shown that the plant obtains its oxygen and carbon dioxide from the
air, while the nitrogen and various minerals, which make up a definite
part of the plant constituents, are obtained from the soil through the
root system of the plant. The fertility of the soil was believed to de-
pend, to a certain extent and within certain limits, on the amount and
nature of the water-soluble constituents that the soil contains. The
plant, by absorbing these constituents from the soil, can exhaust the
soil and render it infertile. A soil may, therefore, lose the greater part
of its vegetative substance without showing any differences in its physi-
cal properties from those of a fertile soil.

In spite of these exact contributions to a better understanding of
the nutrition of plants, the idea still prevailed during the early part of
the 19th century that soil humus functions as a source of carbon. A
special ‘‘vital force’’ in the plant cells was still believed to bring about
the synthesis of mineral substances. Hassenfratz (see 457) definitely
stated, about 1800, that the carbon necessary for plant growth is ob-
tained directly by the roots from the dark colored soil constituents,
which are found abundantly in fertile soils. Thus the prevailing idea
that soil humus is the true nutrient of plants still remained. This con-
ception of the réle of humus was the more acceptable because it was
generally recognized that the fertility of the soil depends upon this
humus.
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Thaer (1139) may be considered as the most outstanding exponent
of the humus theory of plant nutrition during this period. The fact
that stable manure consists largely of organic substances and that, on
decomposition, manure gives rise to humus, led Thaer to suggest, in
1798, that plants thrive principally upon the humus in solution. He
stated further, in 1808, that ‘“humus comprises a more or less consider-
able portion of the soil; fertility of the soil depends largely upon it,
since, besides water, humus is the only material which supplies the
nutrients to plants.”” The favorable influence of certain inorganic
substances upon plant growth was explained by the increase in humus
formation in soil through the addition of these materials. However,
even Thaer had to admit that the probable effect of humus upon vege-
tation was exerted through the influence of the carbonic acid gas which
was produced.

These ideas concerning the function of humus in plant nutrition
prevailed throughout the first half of the 19th century and were ac-
cepted by such prominent chemists as Berzelius, Mitscherlich, and
Davy. This becomes evident from some of the conceptions of Davy
(206), who stated that oils were good manures on account of the carbon
and hydrogen that they contain; that the addition of lime to the soil
has a favorable effect, because it dissolves the hard vegetable matter;
that putrid urine is less useful as a manure than fresh urine; that farm-
yard manure should not be allowed to ferment before it is applied to
the land. He admitted, however, that the ash constituents of the soil
are essential for plant nutrition and do not act merely as stimulants.
Berzelius (113), as late as 1839, still considered that humus was a plant
food, although a few years previously Sprengel (1075) had expressed
ideas similar to those of de Saussure, that plants obtain the carbon
dioxide from the air, while the nitrogen, which is also an important
plant food, is derived from the soil.

With very few exceptions, the early agronomists, plant physiologists,
and chemists considered that the organic matter of the soil, known as
humus, was the chief nutrient for plants; the latter were believed to
absorb the humus directly through their roots. The presence of
humus in the soil was looked upon as the primary requirement for soil
fertility. The carbon of the humus was considered to be an important
source of carbon for plants, without necessity for its alteration previous
to absorption. These ideas received support from experiments which
indicated that plant growth increased with the humus content of the
soil.
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Early students of the chemical nature of soil-organic matter observed
that humus and “humic acids’’ (a group of constituents of humus which
were soon to become very popular) are insoluble in water, and are
relatively soluble in alkali solutions. This led to the suggestion that
the presence in the soil of alkalies and alkali earths, which are usually
found in the ash constituents of the plant, contribute to the solubility
and assimilation of humus. It was believed that a continuous stream
of humus proceeds from the soil to the roots of the plants.

Some of the outstanding plant physiologists of the early 19th century,
such as de Candolle, Treviranus, Megen, and others, while carefully
pursuing various problems of plant physiology, did not always pay
sufficient attention to the chemical processes involved in the nutrition
of plants. The humus theory of the chemists and agriculturists was
accepted by them uncritically. These prevalent ideas concerning the
role of humus in plant nutrition were well expressed by Liebig, in his
typically sarcastic manner: ‘‘Vegetable physiologists consider the for-
mation of woody fibre from humus as very simple; they say humus
has only to enter into chemical combination with water in order to
effect the formation of woody fibre, starch or sugar.”

Liebig and his period. About 1840, there appeared two important
contributions to the subject of plant nutrition, which dealt a severe
blow to the humus theory, although they did not dispose of it entirely:
Boussingault (141-2) demonstrated that plants can make normal
growth with nutrient salts alone and without any humus whatsoever,
and Liebig (638) published his famous book on ‘“Chemistry in its Ap-
plication to Agriculture and Physiology,”” in which he ridiculed the
idea that plants derive their carbon from the soil and not from the
carbonic acid of the air. Liebig considered the abundance of humus
in the soil to be more a result than a cause of soil fertility. He con-
cluded that only inorganic or mineralized substances are used as nutri-
ents by all green plants. Plants live on carbon dioxide, ammonia,
nitrate, water, phosphoric acid, sulfuric acid, silicic acid, lime, potas-
sium, and iron, and some need, in addition, sodium chloride. Liebig
thus brought home to agronomists, to agricultural chemists, and to
plant physiologists the results of Ingen-Housz, de Saussure, and others,
by emphasizing clearly and distinctly the importance of ash constit-
uents in plant nutrition and the réle of the carbon dioxide of the at-
mosphere in this process.

According to Liebig, humus, because of its insolubility, is not ab-
sorbed by plants and would never even suffice to supply the necessary
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carbon to the total vegetation. The humus content of the soil is not
diminished by plant growth but is actually increased. However, he
came to recognize later that humus exerts a favorable effect on plant
growth. This was believed to be due to the fact that it supplies a
slow and lasting stream of carbonic acid, which serves as a solvent of
soil constituents necessary for plant nutrition; a part of the carbon dioxide
of the soil is diffused into the outer air; the plants covering the soil
with their leaves assimilate more carbon dioxide through their leaves
than do those that depend exclusively upon the carbon dioxide of the
atmosphere.!

Although Liebig’s contribution was of inestimable importance in
disposing of the humus theory of plant nutrition and in clearly empha-
sizing the fact that plants obtain their carbon from the carbon dioxide
of the atmosphere and the minerals from the soil, his ideas on the nitro-
gen nutrition of plants were open to considerable criticism. He be-
lieved that ammonia was the specific source of nitrogen which the plants
utilized and that the ammonia content of the soil atmosphere sufficed
to supply the nitrogen needs of the plants, just as the carbon dioxide
of the air provides sufficiently for the carbon requirements. Carbon
dioxide, ammonia, and water were believed by Liebig to be the three
essentials in plant nutrition. In his attempt to establish his theory
that plants obtain only alkalies (potash) and phosphoric acid from the
soil and the carbon from the atmosphere, Liebig committed a grave
error in considering the atmosphere not only as the source of carbon
but of nitrogen as well.

In spite of the investigations of de Saussure and Boussingault, sup-
ported by the brilliant arguments of Liebig; in spite of the work of
Sachs, Knop, and others with water cultures, whereby it was demon-
strated that plants can synthesize all their organic complexes from in-
organic substances, in the complete absence of organic compounds, the
idea still continued to prevail for some years that organic substances
of the soil were intimately involved in plant nutrition. As late as
1872, Grandeau (361, 362, 1191) stated that humus furnishes carbon

1 ““Der Humus ernihrt die Pflanze nicht dadurch, dasz er im léslichen Zustande
von derselben aufgenommen und als solcher assimiliert wird, sondern weil er
eine langsame und andauernde Quelle von Kohlensiure darstellt, welche als das
Losungsmittel gewisser fiir die Pflanze unentbehrlicher Bodenbestandteile und
auch als Nahrungsmittel, die Wurzeln der Pflanze, so lange sich im Boden die
Bedingungen zur Verwesung (Feuchtigkeit und Zutritt der Luft) vereinigt finden,
in vielfacher Weise mit Nahrung versieht.”’
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to plants; according to him, the mineral nutrition of plants can take
place only through the agency of the black matter. Humus rich soils,
such as Russian chernozems, contain a peculiar organic substance
which binds various inorganic compounds; these are capable of resist-
ing the action of dilute hydrochloric acid. This substance is made
soluble by ammonia water; it contains 3-6 per cent nitrogen and a
large part of the phosphoric acid of the soil. The ammonia water was
thus looked upon as the solvent of the food for plants.

Even de Saussure suggested, in 1842, that the function of ammonia
or nitrates in plant growth consists in rendering the humus soluble
and not acting directly as nutrients. He believed that his experiments
definitely demonstrated the fact that ‘“humic acid’” and substances
extracted by water from peat are absorbed by plants; he found that
when humus enters the roots of the plant, as shown by the absorption
of a deeply colored solution of potassium humate, it is changed there
chemically and assimilated by the plant. Johnson (507) argued, in
1883, that although Liebig and his adherents were right in concluding
that the final products of decomposition of organic substances in the
soil, namely, carbonic acid, ammonia, nitric acid, water, and the ash
ingredients, form the chief nutrients of agricultural plants, the fact
remains that various forms of humus (‘“‘soluble humates, ulmates,
crenates, and apocrenates, together with other soluble organic matter
of the soil’’) are absorbed by the plants and assimilated. The superi-
ority of stable manure over inorganic fertilizers for crop production was
believed to be equally conclusive evidence that humus is directly uti-
lized by plants (361, 152, 874, 464). Numerous other claims were
made that plants grew well with their roots immersed in solutions of
soil organic compounds, prepared by extraction with potassium or
ammonium hydroxide. These claims were not sufficient, however,
to establish definitely that humus is assimilated directly by plants,
although they have demonstrated that it is not injurious and may
actually be in some manner beneficial to plant growth, in contradis-
tinction to the earlier ideas of Liebig. ,

The introduction of nutrient salt solutions for the cultlvatlon of
plants by Sachs and Knop in 1860 opened the way for exact experi-
mentation in this direction. Acton (11) demonstrated, in 1889, that
plants are able to assimilate directly glucose, sucrose, and glycerol in
water cultures and utilize them for starch synthesis in the dark; glyco-
gen, dextrin, and starch could not be assimilated. Similar observa-
tions were made by Laurent (614), who showed that corn and peas
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assimilate glucose, not only in the dark, but also in the light, both in
the presence and in the absence of carbon dioxide; sucrose, glycerol,
and potassium humate were also utilized. Mazé (685) found that corn
assimilates sugars, starch, and peptone. Cailletet (165) demonstrated
that certain forest shrubs (Adiantum) are capable of growing in soil,
at the expense of the organic compounds, by a process similar to that of
the fungi of the soil. According to Knudson (554) when soluble carbo-
hydrates are absorbed by plants, root growth is stimulated to a much
greater extent than top growth. In the case of vetch, the ratio tops/
roots was reduced from 4.6 to 2.0, in the presence of glucose, and to
1.2, in the presence of sucrose.

The ability of green plants to assimilate organic nitrogenous com-
pounds was even more definite. Wiley (1281) reported in 1897 that
oats grown in peat soils contained 25 per cent more nitrogen than
oats grown in ordinary mineral soils; a large part of this nitrogen was
found in the plant in the amide state and not as protein. He came to
the conclusion that plants are able to assimilate the nitrogen present
in peat largely as amide. Soon after, Lutz (661) showed that various
lower amines can be assimilated and utilized by higher plants, without .
being first acted upon by microorganisms and transformed to ammonia
or nitrate. Other substances, however, like phenylamines, naphthyl-
amines, and alkaloids, exert a decided toxic effect upon plant growth,
and do not offer available sources of nitrogen, unless they are first
decomposed by microorganisms. Hutchinson and Miller (471) found
that wheat and peas are able to assimilate urea, acetamide, glycerol,
alloxan and peptone. The absorption by plants of nucleic acid, xan-
thine, guanine, creatinine, arginine, asparagine, and other nitrogenous
compounds has been established by Schreiner and Skinner (986).
These observations were confirmed by Brigham (155), who found, how-
ever, that better growth was obtained when the plant cultures were
inoculated with Bac. subtilis.

In the presence of light, green plants synthesize practically all of
their organic substances photosynthetically, and the presence of organic
substances does not alter this process. Even in those instances where
direct assimilation of organic complexes by plants has been studied,
the roéle of microorganisms in the process has not always been ex-
cluded. The activities of these organisms in bringing about modifica-
tions of the organic matter depend upon a number of factors, such as
nature of soil, nature of plant, environmental conditions and nature
of organisms. In some cases, they may be of considerable importance
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in the utilization of organic matter, as in the case of mycorrhiza fungi
in the nutrition of forest trees and orchids.

In discussing the function of humus in plant nutrition, it may be
well to consider the underlying factors responsible for the favorable
effects of stable manures upon plant growth. Whether this effect is
due to the organic complexes or to the mineral constituents of the ma-
nure is not a new question. Discussions of the problem appeared many
years ago, even antedating those of Thaer and Liebig. None of the
proponents on either side, however, claimed that the effect of manure
is due solely to either the organic or the mineral constituents. Thaer
and the representatives of the ‘‘humus’’ group believed that it is largely
due to the humus content, whereas Liebig and the ‘“mineral”’ group
believed that it is the mineral constituents which are chiefly responsible
for the favorable effect of the manure (772). According to a recent
contribution (771), the favorable effect of stable manure is exerted
through its colloidal substances, which stimulate the root system of
the plant.

The results of the investigations cited here and of numerous others
(124, 685, 722, 1021, 898, 875, 91, 179) on the absorption and assimila-
tion of sugars, organic acids, and nitrogenous organic compounds by
plants can be summarized as follows:

1. Various organic compounds, such as creatine, creatinine, arginine,
histidine, guanine, xanthine, hypoxanthine, and nucleic acid, can be
directly assimilated by plants and can replace nitrate in culture solu-
tions (985-6).

2. Leguminous plants are able to obtain their nitrogen from root
nodules in the form of organic compounds, probably amino acids (1212).

3. Under sterile conditions certain plants are able to assimilate
various sugars (1021); lecithin can be assimilated as a source of phos-
phorus, and cystine, as a source of sulfur (1134).

4. Humus offers a very favorable source of available iron to plants
and to microorganisms, at reactions which are optimum for the growth
of plants (163, 790, 641).

5. Some plants lacking chlorophyll make use of organic substances
from the soil humus as their exclusive sources of energy and material
for synthesis. They are usually assisted in this process by mycorrhiza
formations, whereby the organic matter is generally altered before
assimilation. Other mycorrhiza associations appear to be involved in
providing certain organic substances for chlorophyll bearing plants, as
in the case of orchids.
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The specific effects of certain organic substances upon plant growth
cannot be interpreted as proving that organic complexes in general are
directly assimilated by plants and that, therefore, the addition of such
substances to the soil is highly desirable in plant production. There
is no doubt that organic matter is of great importance in the soil, but
this is not because some of the constituent complexes may be directly
assimilated by the plants, but principally because humus exerts impor-
tant effects upon the physical and chemical properties of the soil,
because it contains a considerable quantity of plant nutrients, and
because it offers a favorable medium for microbial activities. All
attempts, therefore, to introduce into practical agriculture the use of
organic fertilizers on a large scale, with claims based entirely upon the
possible feeding capacity of the plants upon some of the organic con-
stituents, or upon some other mysterious action of these complexes
upon plant growth, have so far completely failed (218, 400, 401).

The presence in soil of specific plant stimulating substances is dis-
cussed in detail elsewhere (Chap. XV).

Modern ideas concerning the réle of humus in soil processes and plant
nutritton. Liebig had a purely chemical conception of the processes
of decomposition of organic matter in soils and in composts. It was
his belief that the organic bodies combine with oxygen of the air, by
a process of ‘‘decay,’”’ giving very simple compounds; in the absence
of oxygen, the organic substances interact, giving rise to reduction
processes, namely, those of ‘“‘putrefaction,” as a result of which there
is a greater amount of residual organic matter than by the aerobic
process. The two processes were believed to exclude one another.
With such primitive ideas concerning the decomposition of organic
matter in nature and without the proper recognition of the activities
of living organisms in these processes, it is not surprising that the
importanece of humus in the soil was not sufficiently appreciated.
Liebig’s influence upon the subsequent development of the science of
plant nutrition was so great that even at the present time many chem-
ists have not freed themselves from some of his opinions on this subject.

With the development of the new science of microbiology, when the
numerous functions of the microscopic forms of life inhabiting the soil,
composts, bogs, and the sea began to be more clearly understood, new
light was thrown not only upon the origin and chemical nature of
humus, but also upon its réle in plant nutrition. Although various
microbiologists, especially Mitscherlich in 1850 and Pasteur in 1852
1860, began to recognize the importance of microorganisms as chemical



CrAPTER III

THE CHANGING CONCEPTIONS CONCERNING THE CHEM-
ICAL NATURE OF “HUMUS” AND ‘“HUMIC ACIDS”

“Man befindet sich tn Bezug der Wiirdigung organischer Stoffe im Boden
noch in der Kindheit und dieses ersieht man daraus deutlich, dass man ste
durchgehends collektiv nimmi.”’—MULDER.

“Humus’’ and ‘“humic acids.”” The term ‘“humus’ has had varied
usage, principally because very little was known concerning the com-
plicated processes which lead to the formation of the dark colored
organic substances in soils, in composts, and in water basins. Some
of the most outstanding chemists of the 19th, and even of the early
20th century, considered that these processes were rather simple in
type and were effected chiefly, if not entirely, by atmospheric agencies.
Chemically, humus was usually believed to be very simple in compo-
sition and made up entirely of one or more substances acidic in nature;
these were generally classified as ‘“humic acids.”” Some investigators
(654) believed that humus was a compound of ‘“humic acid”’ and lime;
in the process of plant nutrition, the lime was absorbed by the plant,
leaving the ‘““humus in the soil as humic acid.”’

The term ‘“‘humic acid’”’ was also used by different investigators to
designate different preparations. This term was most frequently ap-
plied to that part of the organic matter of soils, peats, and composts
which is soluble in alkali solutions. In some cases, the term was ap-
plied to only that part of the alkali solution which is precipitated by
mineral acids. In view of the fact that a number of ‘“humic acids’’
have been described, Oden (781) suggested that ‘“humic acid’’ or
“humus acid’ should be used to designate only that part of the acid
precipitate which is not soluble in alcohol, while the alcohol-soluble
part was given the name ‘‘hymatomelanic acid.”” In most instances
the various ‘“humic acids’’ were not definite chemical compounds but
rather represented preparations possessing certain common physical,
chemical, and biological properties. Beginning with one compound
“isolated” nearly a century and a half ago, more and more names were
introduced to designate new ‘‘humic acids’’; this was apparently the

21



22 DEVELOPMENT OF KNOWLEDGE OF HUMUS

result of an attempt to explain the seeming discrepancies in the nature
of compounds isolated from different sources of humus by different
manipulations. Conditions became more complex with the growth of
chemistry and the development of better techniques for the separation
of organic compounds. The various chemical formulae suggested at
different times for the ‘“‘humic acids’ were, for the most part, hypo-
thetical in nature.

The progress of our knowledge of the organic chemistry of soils,
peats, and composts, or the chemistry of humus, is closely related to
the changing conceptions of the origin and chemical nature of the
“humic acids’’ and their related compounds.

The early period (1786-1826). 'The first historical reference to the
isolation of a compound similar to that which became later known as
“humic acid’’ dates to Achard (8), who, in 1786, extracted a brown
substance from soil and peat, by the use of alkali solutions. Upon
adding sulfuric acid to the alkali extract, he obtained a dark brown to
almost black precipitate. Achard also recorded the fact that differ-
ent layers of peat are chemically different in nature, and seem to have
undergone varying processes or degrees of decomposition; different
quantities of material were extractable from them by alkali solution.

In 1797, Vauquelin (1206) obtained substances similar in appear-
ance and behavior from the stem of an old elm tree infected with fungi
and from the bark of other trees and from peat. The precipitate
formed when the alkali extract was acidified was again dissolved by
means of alkali solutions; it also produced salts with calcium and other
bases. Vauquelin did not name the substance thus prepared; this was
done later by Thomson (1158-9), who suggested the name ‘“ulmin,”
from the latin name of the elm tree (Ulmus). XKXlaproth (548) found
a similar black substance in the alkali extract of the gum secreted by
an old elm tree. In course of time the term ‘‘ulmin’’ came to be ap-
plied to all preparations which could be obtained by means of alkali
extraction from soils, peats, coals, and even from plants, and which
were black in color.

De Saussure (942) applied the term terreau to the dark-colored mat-
ter formed from dead plants under the influence of air and moisture;
he also used another synonymous term, ‘“‘humus,” the Latin equiva-
lent of soil, to designate this material. De Saussure noted that this
humus was richer in carbon and poorer in hydrogen and oxygen than
the plant material from which it originated. Einhof (263) introduced
the term ‘‘acid humus’ (“‘sauere Dammerde’’) to designate the humus
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of peats and swamps, as distinguished from ‘‘mild humus,” which is
rich in bases (1139).

The ideas of de Saussure concerning the origin and chemical nature
of soil organic matter or soil humus were too advanced for his period
and were soon forgotten. In an attempt to discover new ‘‘humic
acids’’ and to determine their chemical nature and origin, no clear
distinction was made between complexes formed under the natural
conditions prevailing in soils, composts, and peats, and the dark-
colored complexes formed by the interaction of certain organic com-
pounds with acids and alkalies, usually at high temperatures. When
carbohydrates are treated with concentrated acids, a dark colored
mass is formed which is similar in certain properties to the ‘‘humic
acids’’ of decomposing plant residues. This led a number of investi-
gators to assume that both are the same chemically and that the natu-
ral complexes formed by the little understood process of ‘‘humification”
are similar to the products which result from the treatment of carbo-
hydrates with acids.

In 1819, Braconnot (147) submitted starch and sucrose to the action
of hydrochloric and sulfuric acids; as a result of this treatment a dark
liquid was obtained, which gave a black precipitate on dilution with
water. This precipitate, which was soluble in alkalies, Braconnot
called ‘‘artificial ulmin,”’” since he believed it was analogous to the
‘“natural ulmin’ found in the diseased elm tree. Later Braconnot
obtained ‘‘ulmin’’ on warming glucose with an alkali solution. He
also extracted a substance which he believed was identical with ‘“‘ulmin’’
from the rotted material found in the root cavities of an old elm tree;
this was soluble in alkalies and precipitated by acids in the form of
brown-black flakes. ‘“Ulmin’’ was found not only in the rotted organic
matter of trees but also in peat and even in lignite. Braconnot sug-
gested that ‘‘ulmin’ must doubtless be an important constituent of
‘““terre d’ombre,’”’ but it could not be obtained from coal. He prepared
“artificial humus’ or ‘‘artificial ulmin,” not only by treating various
organic substances with mineral acids, but also by treating lignous
material with potassium hydroxide. Colin (182) and Proust (852)
believed that they demonstrated the presence of a brown substance
similar to ‘“‘ulmin’’ in the products of dry distillation of wood.

In 1822, Dobereiner (225) designated the dark colored fraction of
the soil organic matter as ‘“humus acid’”’ (‘“‘Humusséure’). Since then
the terms ‘“humic acid’ and ‘“‘humus acid’’ have been used quite indis-
criminately, and seldom was any differentiation made between the two;
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when distinguished, the first term was usually considered to be more
inclusive, comprising all of the ‘‘humic acids,”” whereas the second
was applied only to a specific preparation obtained as the precipitate
from the alkali extract by treatment with an acid. Wiegmann (1279),
in one of the earliest papers on the chemistry of peats, referred to the
substance thus extracted as ‘“ulmin’’ or ‘“humic acid,”” thus opening the
way for a confusion that was bound to arise from a lack of differenti-
ation between the brown and dark colored complexes found in de-
composing wood, in composts, in soil, in peat, and in brown coal, or
produced on treatment of carbohydrates and proteins with mineral
acids or alkalies.

Sprengel and Berzeltus (1826—1839). In 1826, Sprengel (1074) under-
took a detailed study of the origin and chemical nature of the ‘“humic
acids’’ and their salts. It is surprising to find that many of Sprengel’s
ideas are still current in the textbooks on soil science, without due rec-
ognition being given to the investigator who first conceived them.
According to Sprengel, “humic acid” is formed during the decomposi-
tion of plants, whereby a large part of the carbon combines with at-
mospheric oxygen and with some water; this process was believed
to be similar to that which takes place when ‘“humic acid’’ is formed
on treatment of plant residues with potassium hydroxide. The bases
enable the plant substances to remove the oxygen from the air. The
plant materials are transformed in the process into ‘‘humic acids,”
for which all bases have considerable attraction. If the soil is rich in
bases, the resulting ‘“‘humic acid’”’ is immediately bound; the soil will
then react neutral and contain ‘“mild humus.”” Such soil shows a high
degree of fertility. The ‘“humic acid’”’ may be decomposed further to
carbon dioxide and water. If the soil is poor in bases, the ‘humic
acids’’ remain free and the soil becomes acid, because of the ‘‘acid
humus,” as in the case of peat soils formed from highmoor peats.

Sprengel treated dry peat with dilute acid to remove the bases still
bound to the ‘“humic acid.”” The residue was washed with water and
digested for several days with ammonia, in a closed vessel. The dark
brown solution was treated with hydrochloric acid, and a dark brown
precipitate (‘“humic acid’’) was ‘obtained. This was not a pure organic
compound but contained some ferric hydroxide and clay. The pre-
cipitate was redissolved in sodium carbonate solution and reprecipitated
in the cold with hydrochloric acid; heat was avoided so as to prevent
the formation of a compound with iron oxide. The ‘humic acid”
thus prepared had a high water-holding capacity, 100 parts of the moist
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preparation leaving, on drying, only 5 parts of material which con-
tained traces of ash. The dry residual substance had a shining black
color and could easily be pulverized, breaking up into irregular pieces.

The freshly prepared, moist ‘“humic acid’’ was insoluble in water as
long as it contained some free mineral acid, but, as soon as the acid
was completely washed out, the ‘“humic acid’’ went into solution, color-
ing the wash water first yellow, then brown. It dissolved more readily
in warm than in cold water, 6500 parts of ice cold water and only
150-160 parts of boiling water dissolving one part of ‘‘humic acid.”
When the water of hydration was removed by drying, freezing, or by
means of an electric current, the “humic acid’”’ again became insoluble
in water. The ‘“humic acid’’ which had been dissolved in water could
be reprecipitated by all mineral acids, except phosphoric, and by all
salts of alkali earths and heavy metals, except gold, giving rise to
“humates.”” Precipitation could also be brought about by pulverized
charcoal and partly by calcium and barium hydroxides. The ‘“humic
acid’”’ thus obtained was negatively charged and acted as a stronger
acid than carbonic, liberating silicic acid from silicates. It formed
salts, giving soluble compounds with alkalies, whereas the salts of
alkali earths and of heavy metals were insoluble. A solution of “humic
acid’”’ in potassium hydroxide treated with iron sulfate gave a precipi-
tate of ‘“iron humate’’; compounds were also formed with aluminum
hydroxide, from which the aluminum could be separated only with
considerable difficulty. The various compounds thus produced were
not constant in composition: some were acid, others basic or neutral
in reaction. The methods developed by Sprengel for the preparation
of “humic acid,” for the study of its chemical composition and quan-
titative determination in soils, were generally adopted and used until
recent years.

In 1830, Boullay (139) made a chemical analysis of the dark colored
material obtained by treatment of sugar with mineral acids. He cal-
culated that ‘‘artificial ulmic acid’”’ (having thus changed the name of
Braconnot’s ‘‘artificial ulmin’’) had a chemical composition of
Cs0H30015. Malaguti (669) suggested an explanation for the trans-
formation of the carbohydrates by mineral acids into compounds simi-
lar to those produced under natural conditions in soils, peats, and com-
posts. IHe stated that nitric acid changes sugar into oxalic acid,
whereas hydrochloric and sulfuric acids give partly ‘“humic acid,”
which is soluble in alkalies, and partly ‘“ulmin,” which is insoluble in
alkalies. Concentrated acids act more energetically than weak acids.
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Under the influence of the acid, the sugar loses water, giving first a
compound of the structure C;2Hz3014, which changes to ‘humic acid”
and finally to formic acid. The mechanism of formation of the ‘“humic
acid”’ was illustrated as follows:

Ci12H 2011 = C12H3206 4+ 5H0
Sucrose “Humic acid”’

Stein (1092) proposed the formula C,H;50, for the ‘“humic acid”
obtained by the action of hydrochloric acid upon sugar. Berzelius
(112) adopted later another formula, namely Cj;:H;:0;16, for this prepa-
ration.

Berzelius recognized the importance of the investigations of Sprengel
but he was misled by the ideas of Boullay and Malaguti concerning the
formation of ‘““humic acids’’ from carbohydrates by acid and alkali
treatments. He distinguished two dark brown bodies: 1. A substance
soluble in alkalies, which gave a dark brown precipitate when the
alkali was neutralized by an acid (the ‘“humic acid”’ of Sprengel), was
first called ‘“mylla,” then ‘‘geic acid,”” and finally ‘‘humic acid’. 2. The
other substance, which was insoluble in alkalies (the ‘‘humus coal”
of Sprengel), he designated first as ‘“mull coal’”’ and later as ‘“‘humin.”’
Berzelius recognized that the term ‘‘ulmin’ was being used for a variety
of substances probably possessing marked chemical differences; the
complexes extracted from the soil by the use of an alkali solution, for
example, probably have no special relation to those which are extracted
from an elm tree or from other plants. He called attention to the futil-
ity of designating by one name bodies only little investigated and pos-
sessing a certain superficial similarity.

In 1833, Berzelius isolated from mineral waters and later from slimy
mud rich in iron oxide, two new compounds which he designated as
“crenic acid” and ‘‘apocrenic acid.”” These complexes were believed
to be present also in plants and in soil. They were prepared by extract-
ing the material with hot potassium hydroxide solution; the alkali
solution was then saturated with acetic acid, and copper acetate added;
the brown colored precipitate was designated ‘‘copper apocrenate.”
When the free acetic acid was neutralized with ammonium carbonate,
a grayish green precipitate, called ‘‘copper crenate,”” was formed.
When the copper compounds were decomposed with hydrogen sulfide,
the ‘“free acids’’ were brought into solution. Under the action of air,
the ““crenic acid’’ in solution was believed to be oxidized to ‘‘apocrenic
acid.”” The ‘‘crenic acid’”’ preparation was soluble in water and in
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alcohol and formed insoluble compounds with silicic acid and with
aluminum hydroxide. The ‘“‘apocrenic acid’’ preparation was similar
in its properties to ‘‘crenic acid’”’ but was dark colored and was only
partly soluble in water and in alcohol; it could be precipitated from its
aqueous solution with inorganic acids and with ammonium chloride,
and formed compounds with aluminum hydrate. The salts of these
compounds with alkalies, with magnesium, with iron, and to some ex-
tent the salts with calcium were soluble in water. When Berzelius
(113) investigated the ‘“humic acid’”’ of a rotting oak tree he could
hardly distinguish it from ‘‘apocrenic acid.”” He suggested that
‘crenic’’ and ‘‘apocrenic acids’”’ are formed in the decomposition of
organic matter in general and in the rotting of wood in particular;
fallowing of soil and cultivation give rise to ‘“humic substances’ which
are assimilable by plants; when coal is acted upon by nitric acid,
“crenic”’ and ‘‘apocrenic acid’ are produced. Different formulae were
suggested for these two preparations, namely C:Hi2016 and CqHgOso.

Peligot (812) was the first to demonstrate that ‘‘artificial humic
acid’’ varies chemically from ‘‘natural humic acid,’”’ the former contain-
ing 62 per cent carbon, and the latter, only 57 per cent. However,
these analyses were not sufficiently conclusive to establish the differ-
ence between the two preparations, since, as will be shown later, the
carbon content varies considerably in both artificial and natural com-
plexes, depending upon the nature of the material used and the methods
employed in their preparation.

Mulder-Hermann (1839-1862). Beginning with 1839, there appeared
a series of papers by Mulder (731-734), a pupil of Berzelius, concerning
the formation of brown and black substances by the action of acids
upon carbohydrates. The various preparations were separated into
two groups on the basis of their color and solubility in alkalies: 1.
brown bodies, or the alkali-soluble ‘‘ulmic acid’’ and alkali-insoluble
“ulmin’’; 2. black bodies, or the alkali-soluble ‘“‘humic acid’”’ and the
corresponding alkali-insoluble ‘“humin.’”” The first group was believed
to be somewhat richer in carbon.

According to Mulder, in the decomposition of plant substances, the
organic matter is first changed to ‘“‘ulmic acid’’ and to ‘“ulmin,”’” which
are presumably found in dead leaves, rotting wood, and brown peat.
On oxidation or on boiling with acid or with alkali solutions, oxygen is
absorbed by the ‘‘ulmic acid”’ and the ‘““‘ulmin’’; this results in their
transformation to ‘“‘humic acid’”’ and ‘“humin’’; on further oxidation,
the ‘“humic acid’’ is changed to ‘“‘crenic acid’ and finally to ‘“‘apocrenic
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acid,” gradually giving rise to products continuously poorer in carbon.
““Apocrenic acid”’ was reduced by nascent hydrogen to ‘‘crenic acid,”
and the latter was oxidized again by the oxygen of the air to ‘‘apocrenic
acid.”” The “‘ulmin” and ‘‘ulmic acid’’ were believed to represent a
group of bodies of the general formula,

CsH250:12 4+ 7 H20

n being 1, 2, 3, or higher. Mulder suggested that the following reac-
tions are involved in the formation of “humic bodies’’ from plant
constituents:

CisH 84045 —CygH250,2 + 8 CO.!
Cellulose “‘Ulmic acid”’
CiuH25012 4+ O2 = Cy0H24042 4+ 2 HO

“Ulmic acid”’ “Humic acid”’
CioH24012 4 20,—C2sH24016
“Humic acid”’ “Crenic acid”

The humus preparations were dried at 140-195°C., a temperature
sufficiently high to modify their ‘chemical nature, hence the formulae
suggested were practically meaningless. Mulder believed that ‘“humic
acids’’ are compounds of carbon, hydrogen, and oxygen, the latter two
in a ratio of two to one as in water; nitrogen, which is always present
in the ‘“humic acid’”’ preparations obtained from peat and soil, was
looked upon as an impurity largely present in the form of ammonia.
Mulder recognized later (735) that the nitrogen in ‘“‘humic acid” is
in the form of a protein, which remains in the soil for a long time as an
impurity of the latter. Mulder described a number of new prepara-
tions called ‘“‘glucic acid,” ““apoglucic acid,’”’ ““chlor-humic acid,”’ “humo-
nitric acid,”” etc. These names were later abandoned, in preference to
Berzelius’ clasgification.

The complex terminology of the ‘humic acids’’ and the lack of under-
standing of the process of humus formation introduced considerable
confusion during the middle of the last century. To summarize, it is
sufficient to quote from Mulder himself: ‘“‘rotting wood contains, at
the beginning of the process of rotting, crenic, apoecrenic and ulmic
acids; if free air is admitted, the crenic acid disappears and is changed
to apocrenic. The cellulose is changed to ulmin and ulmic acid, which,
under the influence of air, are changed to humin and humic acid.”
These and similar ideas concerning the mechanism of decomposition

1 No attempt is made to balance these reactions, since they are highly hypo-
thetical.
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2. ‘““‘Aprocrenic acids’’ containing less water and more carbon. These

are soluble in alkali acetate solutions, with the liberation of
acetic acid, and are not precipitated from alkali solutions with
acetic acid; the ‘‘apocrenic acid’”’ of Berzelius belongs to this
group. These complexes were separated on the basis of their
nitrogen and oxygen content:

(a) ““torfic acid’”’ and ‘‘apo-torfic acid,”” C:H3;:OsN,s found

largely in peat, in soil, and in brown coal;

(b) ‘“‘arvic acid’’ and ‘‘apo-arvic acid,’”’ C3;oH4s0sN12, with special

reference to the ‘‘Tula-arvic acid’”’ and ‘‘Siberia-arvic
acid’’;

(¢) ‘“‘Porla-apocrenic acid,”’ obtained by Berzelius from a Porla

well (384).

II. Humus substances soluble in water:

1.

““Humous extract,” C;cH3307N2. The ‘“humous extract’’ was con-

sidered to be a body that remains in solution, when the alkali
extract of a soil has been treated with acetic acid and with
copper acetate, to remove the bodies belonging to Group I
and the ‘‘crenic acid.”” When this extract was treated with
lead nitrate and ammonia, a precipitate was formed giving
a ‘‘chestnut-brown, shiny transparent substance, having a
bitter taste.”” It was soluble in 80 per cent alcohol and in
ether, and could be precipitated with various salts and acids
as a brown mass of the nature of a waxy substance. With
barium and calcium it gave brown compounds, soluble with
difficulty. It was precipitated with basic lead oxide and copper
acetate, even in the absence of ammonia, and was thus dis-
tinguished from ‘‘crenic acid.’”’

2. “Crenic acid”’ remained in solution when the alkali extract of a

soil was acidified with acetic acid and when copper acetate was
added; when this liquid was treated with an excess of am-
monia, the ‘‘crenic acid’”’ was precipitated. Hermann dis-
tinguished several crenic acids; namely, ‘ligno-crenic
acid,”’” C;sH;50yN;, obtained from wood; ‘‘humo-crenic acid,”’
Ci1sH3O¢N,, from a chernozem soil; ‘‘torfo-crenic acid,”
CisH4501:N4, from peat; ‘‘anitro-crenic acid,” CisH:4Oy4, free
from nitrogen. On further oxidation, these ‘‘acids’’ changed
into the corresponding ‘‘oxycrenic acids’’; during this process
of oxidation they were believed to be able to absorb nitrogen
from the air; they were distinguished from the ‘‘crenic acids”
by being precipitated with lead and copper salts, even in the
presence of a slight excess of acetic acid. The formula for
“torf-oxy-crenic acid’’ was given as C;2H;20.N,.

III. Humus substances insoluble in water and in alkali solutions:

1.

““Anitrohumin.”’

2. “Nitrohumin.”’
3. ‘“Nitrolin.”’
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The first two complexes were those previously designated by Sprengel
as “humus coal” and by Berzelius and Mulder as ‘“humin.”” Hermann
separated them on the basis of their nitrogen content. ‘‘Anitrohumin”
was prepared from sugar and was, therefore, nitrogen-free. ‘‘Nitro-
humin’’ contained nitrogen because it was obtained from soil. The
third complex, ‘‘nitrolin,” was discovered by Hermann in nitrogen-
rich wood, the specific name originating from the words ‘‘nitrogenium”’
and ‘lignum,’” meaning nitrogen and wood respectively. The rotted
wood was ground and washed with water; the material which settled
in the water was boiled with potassium carbonate solution; the ‘ni-
trolin”’ did not go into solution; it was insoluble in water, alkalies, and
acids and contained 12 per cent nitrogen.

On the basis of the aforementioned complexes, Hermann reported
the following composition of peat in the vicinity of Moscow:

Peat-carbon, nitrolin and plant remains. ................ 77.5 per cent
“Humic acid’ ... ..o i e e 17  per cent
“Humic extract’ . ... ..o i it i i 4  per cent
AMINONIA. ottt i e et e 0.25 per cent
“Crenic acid’ .. . ... . i e e trace
Ash. ... e 1.25 per cent

A chernozem soil yielded 89.58 per cent inorganic matter, 1.66 per
cent nitrolin, etc., 1.77 per cent “humic acid,” 3.1 per cent ‘“humic
extract,” 1.77 per cent ‘‘torfic acid,”” 2.12 per cent ‘‘crenic acid.”

All these designations which have been applied to preparations ob-
tained from soil and peat, or from sugars by treatment with mineral
acids, could have been multiplied ad infinitum, the limit being only
the number of soils that one would care to extract. But even more
fantastic than the names, were the ideas of Hermann concerning the
origin of all these complexes. It is sufficient to call attention to the
fact that he was firmly convinced that all plants obtain their nitrogen
from the atmosphere, and that even the artificially prepared ‘“humic
acid” and ‘“humin’ can absorb nitrogen. When the ‘“humic acids”
are changed to ‘“‘crenic”’ and ‘‘oxycrenic’’ acids, more nitrogen is ab-
sorbed. This conception was quite wrong, since most of the nitrogen
found in these preparations originated from the nitric acid and ammo-
nia which were used extensively in their extraction and precipitation.
Senft (996) actually suggested that most of the nitrogen in the soil is
present largely as ammonia, combined with the “humic acids.”

These ideas were severely criticized by Mulder and, although Her-
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mann (425) soon replied, Mulder disregarded his statements completely
in his book on soil chemistry (735). In view of the fact, however,
that Mulder also disregarded the very excellent work of Sprengel,
Baumann (74) accused Mulder of overlooking the work of Sprengel and
Hermann, in order to place in the foreground his own much inferior
work. Baumann further emphasized the fact that in spite of certain
repetitions and confusions in terminology (such as naming the ‘“humic
acid”’ of Berzelius, ‘“‘torfic acid’’; the ‘‘apo-crenic acid,” ‘‘oxy-crenic
acid’’; and the ‘“‘ulmic” and “humic acids’’ of Mulder, ‘“‘anitro-humic”
and ‘‘sugar-humic’’ acids) in Hermann’s work, his manipulations and
chemical analyses should deserve greater consideration than Mulder’s
ideas of separation of the humus complexes on the basis of brown and’
dark colors.

In addition to the ‘“acids’’ of Mulder and Hermann, numerous others
have been described, including: ‘“mudesous acid,” Ci2H;00s, of John-
ston (508); ‘““carbo-ulmic acid,” C,0H3:016, obtained by Herz (517) from
lignite; ‘‘silico-azo-humic acids’’ which, according to Thénard (1148),
are formed spontaneously in the soil from the ‘“humic acid,”’ from the
ammonia in rainwater, from the nitrogen of the air, and from the silica
in the soil (5617).

The rapid increase in the number of preparations isolated from de-
composing plant residues and from humus formations and described as
‘“humic acids,”” as well as the growing confusion in the terminology of
these various preparations, was largely due to the insufficient knowl-
edge of the processes of decomposition of plant and animal residues in
nature.

On the other hand, the use of words and symbols where ideas and
facts were lacking has contributed further to the lack of understanding
of the processes underlying humus formation, and, therefore, of the
chemical nature of humus itself. It is sufficient to cite the following
ideas of Souberian (1069) presented in 1850: ‘‘decomposed wood
(Dammerde) consists of a mixture of pure ‘humus,” some ‘calcium
humate,” and a substance which changes into humus, under the influ-
ence of alkalies, in the presence of air; the same is true for soil and peat,
accompanied by a rapid absorption of oxygen by the organic matter
kept in contact with ammonia. The favorable effect of bases upon
acid peat is due to the transformation of the alkali-insoluble ‘humus’
into alkali-soluble ‘humic acid.’ ”’

The science of microbiology, which alone could elucidate those proc-
esses, was still non-existent. It is interesting to note that even at an
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early stage of the development of our knowledge of the activities of
microorganisms, suggestions were made concerning their contribution
to the processes of humus formation. Braconnot, for example, reported
in 1838 that the body of the fungus Agaricus atrameniarius contains
“humic substances.” Similar suggestions were made for Uredo segetum
by Lucas (655), who believed that the ‘‘humic’’ material in the spores
of the fungus is formed from starch through the life activities of the
organisms. A specific ‘‘acid’’ occurring in fungi upon decomposing
wood has later (1088a) been described as ‘‘polyporic acid.”

With an increasing understanding of the chemistry of plant products
and their transformation by microorganisms, the chemistry of humus
was bound to become better understood. A similarity was observed
between tannins and a substance designated as lignoin, found in the
old bark of trees; this lignoin was found to possess most of the properties
characteristic of ‘‘humic acid’”’ and was, therefore, believed to serve as
a source of ‘“humus’ in nature. This idea was confirmed by Hesse
(429), who found a parallelism between the transformation of the
quinine and cinchonine in the bark of the quinine tree into lignoin and
the formation of ‘“ulmic acid’ from sugar by the use of mineral acids.
The presence of humus-like compounds in plants was demonstrated
by Thénard (1149), who extracted ‘“humus’’ from saw-dust by means
of ammonium hydroxide; he further (1146) emphasized the réle of
these compounds in the composting of stable manure. Millon (790)
isolated a similar preparation from wood carbonized at 330°C.

The synthesis of dark colored substances resembling humus from a
variety of organic compounds continued. Berthelot (101) found that,
when a mixture of alcoholic alkaline hydroxide is warmed with carbon
tetrachloride in a closed vessel, substances similar to “humic acid”
are obtained. According to Hardy (391), a mixture of chloroform and
acetone, under the influence of sodium carbonate, gives a brown sub-
stance similar to ‘“humic acid.”” This preparation was described as
“acet-ulmic acid’ of the composition C;.H20,; it was easily converted
to ‘““dioxy-acet-ulmic acid,”” Ci4sH;00s. Liebig found (638) that an alka-
line solution of lactose and tannin on standing in contact with air, gives
rise to ‘‘humic compounds.” Lefort prepared (616) from rotting wood
a substance which he called ‘“‘xylyl acid,” of the formula C,;H3,0;7.

The relationship of nitrogen to the process of humus formation was
especially confusing to a number of investigators, since nitrogen was
found in some preparations and was either absent or present in small
amounts in others. The common idea prevailed that nitrogen is pres-
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ent in the humus in the form of ammonia, giving a salt with the non-
nitrogenous ‘“‘humic acid.” Thénard (1145, 1150) emphasized the réle of
nitrogenous substances in the origin of humus. He suggested the name
“fumic acid’’ for the humus present in stable manure, in which nitrogen
is known to play an important part; ‘“fumic acid’’ was also extracted
from cultivated soil, but it was then found to contain only little nitro-
gen, much carbon, and certain amounts of hydrogen and oxygen.
Mulder (735), however, believed that ‘‘fumic acid’’ is merely an am-
monium salt of ‘“humic acid,” in other words, ‘“ammonium humate.”

An insufficient knowledge of the chemical composition of plant and
animal residues undergoing decomposition, a total lack of appreciation
of the importance of microscopic forms of life in the processes of de-
composition, and the failure to recognize the changes that take place
in the various constituents of the plant and animal residues as a result
of decomposition, were largely responsible for the failure to recognize
the exact nature of humus. The introduction of the concept of the
existence of specific “humic acids’’; the description of an ever-increasing
number of these acids; the use of formulae based merely on elementary
analysis and on preconceived ideas concerning the simplicity of these
compounds; the generalization that dark colored substances found in
decomposing plant materials, in peat, and in soil are the same as those
produced by heating carbohydrates with acids—all tended to further
confuse the subject and introduce complications at a time when infor-
mation on basic principles was still lacking.

Detmer-Hoppe-Seyler (1871-1889). In contradistinction to the ideas
of the earlier workers concerning the multiplicity of humus substances
soluble in alkalies and precipitated by acid, Detmer (219) came to the
conclusion that all these preparations represent only one such substance.
This can be obtained from soil or peat and can be prepared artificially
from sugar; the formula CsHsiO2; was suggested for this compound,
which was designated as ‘“humic acid,”’” while the name ‘‘humus acid”
was reserved for those compounds which are soluble in water. The
nitrogen present in the ‘“‘humic acid” was still considered to be an
impurity, and every possible effort was made to remove it. Peat was
extracted with potassium carbonate solution for 48 hours; the extracted
portion was precipitated with a mineral acid; this process was repeated
by extracting the precipitate again with potassium carbonate solution
and by reprecipitating and washing the precipitate with boiling dilute
acid and with hot water. The preparation thus obtained was finally
dissolved in ammonium hydroxide solution, and the calcium, mag-
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nesium, and iron were removed by the addition of oxalic acid, phos-
phoric acid, and ammonium sulfide. The filtrate from these precipi-
tates was then treated with hydrochloric acid and the precipitate boiled
with potassium hydroxide to remove the ammonia. Another precipi-
tation was now brought about, the precipitate was dissolved in sodium
bicarbonate solution, and the solution again treated with an acid;
this preparation was boiled with phosphoric and hydrochloric acids,
washed with water and finally with alcohol. Even after this detailed
process of purification, however, the ‘“humic acid’’ preparation still
contained 0.79 per cent nitrogen. It was then treated with hot water,
and the soluble portion was precipitated with hydrochloric acid; a
preparation was now obtained which contained only 0.179 per cent
nitrogen. It is of interest to note that by a mere extraction with water
it was possible to separate the humus preparation into a nitrogen-poor
and a nitrogen-rich fraction.

As a result of repeated boiling with acids and alkalies, the ‘“humic
acid’”’ underwent considerable change, which made it different in nature
from the preparations of Sprengel and Mulder; for example, it was
less soluble in water. Detmer (220) must be credited with one of the
first attempts to consider nitrogen as an important constituent of the
soil organic matter, although he still believed that the nitrogen was an
impurity. Detmer believed that the process of ‘“humus’ formation
was one of oxidation, whereas most of the previous workers considered
it as one of dehydration. He suggested that the process takes place
as follows:

13 CsH1005 + 36 O = CooHs0z7 + 18 CO; -+ 38 H,0
Cellulose “Humic acid’’

Lettenmeyer (633) found in rotting beechwood a ‘‘humic acid’’ which
was nitrogen-free and contained 53.6 per cent carbon. On drying,
the preparation became insoluble in water, in glacial acetic acid, in
alcohol, and in ether, and it was dissolved in alkalies only with diffi-
culty. Mayer (683) reported that the ‘‘humic acid’’ found in dopplerit
was also free of nitrogen, and its composition corresponded to the
formula Cz4H28014.

According to Eggertz (253), ‘“‘humic acid,” obtained by extraction
of peat with alkali solutions and precipitation with acids, could be
separated into nitrogen-poor and nitrogen-rich preparations. Repeated
treatment of these complexes with alkalies and acids resulted in com-
pounds rich in nitrogen. This was believed to be due to a gradual
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chemical decomposition of a portion of the original precipitate, largely
the nitrogen-free fraction. Eggertz considered nitrogen to be an es-
sential constituent of the ‘“humic acid molecule’’; he also found that this
“molecule’ contains sulfur and iron. The iron could not be demon-
strated with ordinary reagents in aqueous solutions of ‘“humic acid,”
and sulfur was obtained only on complete oxidation of the organic
complex. Phosphorus and other mineral constituents of the living cell
were also believed to be present.

Eggertz doubted the existence in nature of ‘“‘humic acids’’ and ‘“ulmic
acids,” and considered them to be mere laboratory preparations; it
was believed that they are formed, as previously suggested by Mulder,
on treatment of the organic matter with alkalies. ‘‘Crenic acid” and
“apocrenic acid” were looked upon as independent bodies, but they
were not isolated. Eggertz distinguished between ‘‘mull’’ and ‘“humus’
complexes; the former embraced those bodies which originate in nature
through the decomposition of organic residues, whereas the latter were
said to include the artificial preparations obtained on treatment of sugar
with acids. The natural bodies were shown to be distinctly different
in chemical composition from the artificial preparations obtained in the
laboratory from carbohydrates by treatment with acids and alkalies:
the former were found to contain nitrogen and minerals; their salts
were soluble in acetic acid, and the ammonium compounds were soluble
in water; when obtained by extraction with cold alkalies, they gave
preparations poorer in carbon than the artificial complexes (708); their
carbon content increased on boiling with acids.

Dehérain (208) suggested that the potassium hydroxide extract of
“humus’’ from old wood can absorb nitrogen from the air. Similar
claims for ‘‘natural humic acids’’ were made by other investigators
(1150, 1032, 803, 850, 1180). The hypothesis was thus advanced that
“humic acid’”’ provides available nitrogen in the soil. Simon (1033)
suggested the following reaction for this process:

4N -+ 6H:0 4+ 3C = 4NH; + 3CO,

These claims were denied by Schloesing (947), who definitely estab-
lished that the organic substances of the soil are not responsible for the
direct fixation of nitrogen; the increase in nitrogen reported in such
cases was believed to be due to the absorption of ammonia from the
air by the organic substances.

Eichorn (261) isolated ‘“‘humic acid’”’ from peat by extraction with
sodium carbonate and precipitation with hydrochloric acid. This
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hydroxide solution; on acidification with hydrochloric acid, a precipi-
tate was obtained which was purified by redissolving in an alkali solu-
tion and reprecipitating with an acid. The final preparation was partly
soluble in 85 per cent alcohol; the soluble part contained 62.2 to 63.7
per cent carbon, whereas the insoluble part contained only 57.5 to 57.8

TABLE 1
Formation of artificial ‘‘humic substances’® from carbohydrates

CON-
CEN- TEM-
MATERIAL ACID TRA- PERA- TIME YIELD AUTHOR

TION TURE
OF ACID

per cent| °C. hours |per cent
Cane sugar.....| HCI 9-10 | 100 17 | 20 Conrad and Gutzeit (187)
Glucose......... HCl1 9-10 | 100 17 9.5 | Conrad and Gutzeit
Fructose........ HC1 9-10 | 100 17 20 Conrad and Gutzeit
Galactose. ... ... HCI1 9-10 | 100 17 16 Conrad and Gutzeit
Arabinose...... .| HC1 9-10 | 100 17 | 41 Conrad and Gutzeit
Lactose......... HC1 9-10 | 100 17 18 Conrad and Gutzeit
Cane sugar.....| HCI conc.| 100 .. 15.6 | Berthelot (101)
Glucose......... HCl 6.2 [ 100 28 2.6 | Berthelot
Glucose......... HCI 12.3 | 100 28 8.5 | Berthelot
Glucose......... HCI1 conc.| 100 24 54.3 | Berthelot
Glucose......... HCI1 conc.| 100 55 | 89.0 | Berthelot
Glucose......... H.SO, 8.5 | 100 28 1.4 | Berthelot
Glucose......... H;PO, | 50 100 | 115 16.9 | Berthelot
Glucose......... H;POs | 50 100 | 168 | 23.1 | Berthelot
Glucose......... H;PO,; | 50 100 | 644 | 23.6 | Berthelot
Fructose........ HCI1 conc.| 100 24 | 56.4 | Berthelot
Maltose......... HCIl 12.5 { 100 24 7.1 | Berthelot
Maltose......... HCl1 conc.| 100 24 54.7 | Berthelot
Cane sugar.....| H.SO4 | 40 65 3 3 Eller (264, 265)
Glucose......... H.SO, | 50 70 5 2 Eller
Lactose......... H.SO,; | 40 65 3 10.5 | Eller
Cellulose....... .| H2SO4 |conc. 70 1 20 Eller
Starch.......... HC1 10 100 62 10 Fuchs (331)

per cent carbon. The two preparations differed chemically from
“artificial humic acid’’ obtained from sugars.

On the basis of his study of the colloidal properties of the organic
matter of the soil, Van Bemmelen (86) concluded that all attempts to
separate the humus substances into various chemical complexes were
so far unsuccessful. “Humin” and ‘“‘ulmin,” ‘“humic acids” and
“ulmic acids,” as well as all the other so-called ‘‘acids’ were not true
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hydroxide solution; on acidification with hydrochloric acid, a precipi-
tate was obtained which was purified by redissolving in an alkali solu-
tion and reprecipitating with an acid. The final preparation was partly
soluble in 85 per cent alcohol; the soluble part contained 62.2 to 63.7
per cent carbon, whereas the insoluble part contained only 57.5 to 57.8

TABLE 1
Formation of artificial ‘‘humic substances’® from carbohydrates

CON-
CEN- TEM-
MATERIAL ACID TRA- PERA- TIME YIELD AUTHOR

TION TURE
OF ACID

per cent| °C. hours |per cent
Cane sugar.....| HCI 9-10 | 100 17 | 20 Conrad and Gutzeit (187)
Glucose......... HCl1 9-10 | 100 17 9.5 | Conrad and Gutzeit
Fructose........ HC1 9-10 | 100 17 20 Conrad and Gutzeit
Galactose. ... ... HCI1 9-10 | 100 17 16 Conrad and Gutzeit
Arabinose...... .| HC1 9-10 | 100 17 | 41 Conrad and Gutzeit
Lactose......... HC1 9-10 | 100 17 18 Conrad and Gutzeit
Cane sugar.....| HCI conc.| 100 .. 15.6 | Berthelot (101)
Glucose......... HCl 6.2 [ 100 28 2.6 | Berthelot
Glucose......... HCI 12.3 | 100 28 8.5 | Berthelot
Glucose......... HCI1 conc.| 100 24 54.3 | Berthelot
Glucose......... HCI1 conc.| 100 55 | 89.0 | Berthelot
Glucose......... H.SO, 8.5 | 100 28 1.4 | Berthelot
Glucose......... H;PO, | 50 100 | 115 16.9 | Berthelot
Glucose......... H;POs | 50 100 | 168 | 23.1 | Berthelot
Glucose......... H;PO,; | 50 100 | 644 | 23.6 | Berthelot
Fructose........ HCI1 conc.| 100 24 | 56.4 | Berthelot
Maltose......... HCIl 12.5 { 100 24 7.1 | Berthelot
Maltose......... HCl1 conc.| 100 24 54.7 | Berthelot
Cane sugar.....| H.SO4 | 40 65 3 3 Eller (264, 265)
Glucose......... H.SO, | 50 70 5 2 Eller
Lactose......... H.SO,; | 40 65 3 10.5 | Eller
Cellulose....... .| H2SO4 |conc. 70 1 20 Eller
Starch.......... HC1 10 100 62 10 Fuchs (331)

per cent carbon. The two preparations differed chemically from
“artificial humic acid’’ obtained from sugars.

On the basis of his study of the colloidal properties of the organic
matter of the soil, Van Bemmelen (86) concluded that all attempts to
separate the humus substances into various chemical complexes were
so far unsuccessful. “Humin” and ‘“‘ulmin,” ‘“humic acids” and
“ulmic acids,” as well as all the other so-called ‘‘acids’ were not true
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chemical substances, the various chemical formulae attached to them
being absolutely wvalueless. He believed that these complexes, pos-
sessing an amorphous and colloidal nature, originated from the col-
loidal substances in the plants, through chemical changes and molecular
modifications, the nature of which was not yet understood.

Hoppe-Seyler (459) distinguished three groups of humus substances
on the basis of their solubility in alkalies and in alcohol: 1. Complexes
insoluble in alkalies and in alcohol; here belong Mulder’s ‘““ulmin”
and ‘“humin.” 2. Substances soluble in dilute alkalies and precipitated
by acids, in the form of a voluminous mass with a high water content,
and insoluble in alcohol; here belong ‘“humic acid,” ‘““ulmic acid,’”” and
certain tannins. 3. Substances soluble in alkalies, becoming soluble in
alcohol on precipitation and washing with water; when the alcohol is
distilled off, they form a brittle mass which can be melted on warming
with water, but they are no longer soluble in alcohol; here belong certain
tannins and the alcohol-soluble part of ‘humic’’ and ‘‘ulmic acids,”
namely, ‘“‘hymatomelanic acid.”” The preparations belonging to groups
1 and 2 became alcohol-soluble on melting with an alkali, such as
caustic potash.

Hoppe-Seyler studied both artificial and natural products and found
that on treatment of organic bodies with alkalies, dark colored sub-
stances are produced only in the presence of air, whereas on treatment
with acids, dark colored complexes result even in a hydrogen atmos-
phere. Pyrogallol, pyrocatechuic acid, pyrocatechin, quinone, and
other aromatic compounds also give dark colored substances as a result
of oxidation. In the natural decomposition of plant residues, lignin
complexes were found to take an active part in the production of “humic
acid.” Wood gum or xylan was also found in an unchanged state in
soils high in organic matter, and was therefore considered as an impor-
tant contituent of the group of alkali-soluble and acid-precipitated
substances. Hoppe-Seyler thus established the fact that a great variety
of plant constituents can give rise to ‘““humic matter’’; he also pointed
a new way of approach to the study of the origin and chemical nature
of the dark colored substances of the soil.

The ideas of van Bemmelen concerning the colloidal nature of the
humus complexes, the contributions of Hoppe-Seyler concerning the
chemical composition of the plant residues and the réle of the various
chemical constituents in the formation of the humus complexes, and
the results obtained by Hébert (408) and Dehérain (209), discussed
in detail later, concerning the réle of microorganisms in decomposition
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processes and in humus formation are by far the three most outstanding
contributions to our knowledge of the origin and chemistry of humus
made during the last half of the 19th century. It was essential, how-
ever, to combine these ideas in order to establish the true nature of
humus. This was left for the 20th century. Before this was done,
however, numerous contributions were made to the ‘humic acid”
conception of humus.

Berthelot and André-Baumann and Gully (1891-1912). Berthelot
and André (104-107) made another attempt to characterize artificial
and natural dark colored substances as definite ‘“‘humic acids.”” They
believed that the practically insoluble dark brown material, which is
formed on boiling sugar with hydrochloric acid, is an anhydride of
“humic acid’”’ and not a mixture of substances. When this anhydride
is treated with a dilute alkali solution, a part is made soluble, with the
formation of soluble basic salts, while the larger part gives rise to an
insoluble acid salt; on treatment with dilute hydrochloric acid, both the
insoluble and the soluble ‘‘salts’’ are decomposed with the formation
of a mixture of an anhydride and a hydrate. This ‘“anhydride of humic
acid’ contained 66.41 per cent carbon and 4.57 per cent hydrogen and

~was given the formula C,sH,,0s; it was exactly the same preparation
" which was previously considered as ‘“humin.”” Under the influence of
water, the anhydride was believed to change partly to the hydrated
form of “humic acid,” namely, CisH;607. This preparation could also
be obtained by dissolving the anhydride in alkalies and by precipitating
it with hydrochloric or sulfuric acid. Since the hydrate lost water
even at ordinary temperature, all preparations which were not dried
quickly at low temperatures were believed to represent mixtures of
the anhydride and hydrate.

Three series of salts were recognized as being formed by reactions
between ‘“‘humic acid’’ and alkalies: 1. monobasic salts, insoluble in
cold water even after prolonged action; 2. tribasic salts, also insoluble
in, but gradually decomposed by, cold water; 3. salts with an excess of
base, soluble in water. The monobasic or acid salt, when dried at
100°C., gave a black, horny, shining mass, corresponding in compo-
sition to CisH150/K 4+ H,0O. The water could be removed on drying.
The salt was insoluble in water and absorbed base from an alkali solu-
tion; it was only slightly soluble in hot water. Under the action of
strong mineral acids, it was completely decomposed with the forma-
tion of “humic acid.” The tribasic acid was given the formula
Ci1sH150:K3 4~ nH,0. Its formation took place on treatment of ‘‘humic
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acid anhydride’” with cold, dilute alkali solution for several days, fol-
lowed by filtration; the insoluble tribasic salt remained on the filter.
Only the salts of sodium and potassium could be thus obtained. When
ammonia was used to form the salt, and the complex was washed with
water, most of the ammonia went into solution, but a part was still
left in the precipitate and could not be removed even by treatment
with magnesium oxide. This was believed to be due to the forma-
tion of an acid amide, according to the following reaction:

3 CisH1607 4+ NH;z = CsH7NOyy + 2 HO

When the anhydride was heated with ammonia in closed vessels, at
100°C. for two hours, preparations were obtained containing a greater
concentration of amide nitrogen, in a stable form. Berthelot and André
suggested that these reactions indicate that ‘“humic acids’ are acid-
and alcohol-anhydrides corresponding to lactones.

Berthelot and André (40) definitely disproved the earlier ideas of
Mulder, Hermann, and others concerning the absorption of nitrogen
from the air by ‘“humic acids.” However, all their attempts to apply
the results obtained from the study of artificial ‘“humic acids’ to
natural materials found in soils or in composts failed completely. The
fact that they also overlooked the contributions of previous investi-
gators to this subject did not tend to add more weight to their unjusti-
fied generalizations.

In 1896, Benni (92) stated that he could ‘“humify’’ soluble carbohy-
drates by the use of oxidizing agents, such as permanganate (867).
However, v. Feilitzen and Tollens (286) demonstrated that Benni’s
conclusions were completely wrong, since the brown precipitate which
he obtained and which he designated as ‘““humic acid’’ was nothing
more than precipitated manganic oxide. Wollny (1300) considered
that all humus substances are dehydrated carbohydrates, because they
are richer in carbon.

Adolf Mayer (684) reported that ‘“humic acid’’ prepared from sandy
soil contains considerably more nitrogen and carbon than does a similar
preparation from an ortstein soil. Baumann suggested that these
differences appeared because the two soils were not extracted at the
same temperature. Miklausz (708) found that when peat is treated
first which alcohol to remove the resins, then with hydrochloric acid
to remove the bases, and finally with alkalies, certain organic complexes
of the nature of “humic acids,”” which would otherwise have remained
insoluble, go into solution. When the alcohol-ingoluble ‘humic acid”’
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is dissolved in an alkali solution and precipitated by mineral acid, it
becomes partly alcohol-soluble, the degree of solubility depending on
the concentration of the alkali and on the time of action. The carbon
content of alcohol-soluble preparations is higher than that of the initial
material. The alcohol-insoluble portion is also changed by the alkali
treatment, since a larger part becomes soluble in pyridine than previous
to treatment. The chemical composition of ‘“humic acids’’ from peat
is changed considerably if the peat is previously boiled with hydro-
chloric acid, as shown by an increase in the carbon and a decrease in
the hydrogen content. Such results as these raised further doubt as
to the definite chemical composition of the ‘“humic acids.”

Malkomesius and Albert (670) used lithium carbonate in the extrac-
tion of ‘“‘humic acids’’ from Cassel brown. Preparations were obtained
which, even after treatment with concentrated nitric acid, still con-
tained 0.82 per cent ash; this consisted of iron, aluminum, calcium,
magnesium, potassium, sodium, and sulfur. The carbon and hydrogen
content of these preparations was about the same as that reported by
Detmer (220) for the ‘“humic acid” from peat. According to Scherm-
beck (946), these preparations consisted largely of waxes and resins.

Robertson and his associates (896) demonstrated that, although con-
siderable uniformity existed in the composition of different specimens
of artificial “humic acid’’ obtained from cane sugar, the carbon content
(64.72 per cent) was considerably greater than that of preparations
obtained by alkali extraction of peat (54.48 per cent carbon). The
natural substances also had a higher hydrogen content and a consider-
able amount of combined nitrogen. On the other hand, the methoxyl
content of the natural preparations was much lower than that of the
artificial ones: 1.71 to 2.47 per cent for the former, and 6.47 per cent
for the latter. Robertson concluded that little reliance can be placed
on the superficial similarity of the natural and artificial preparations.
The former also varied in composition, within the group, depending on
the method used in its isolation.

In spite of the fact that evidence, which was continuously gathering,
indicated that the older opinions concerning the ‘“humic acids’’ were
irrational, advancement was very slow. Even in 1908, Boudouard
(138) still retained the idea that there existed four groups of ‘“humus
bodies,”” which he designated by the formulae, C;sH;40s, CisH14O0,,
CisHi150y, CisH1405.  Euler (277, 359, 1308) also divided the ‘“humus
substances’’ into four groups, on the basis of the prevalent ideas:

1. “Humins’ insoluble in alkalies and in alcohol. It was believed
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that these could also be obtained from carbohydrates, by heating with
dilute alkalies at 200°, and from tannins and phlobaphenes even in the
absence of oxygen. These complexes were considered to be inter-
mediary substances produced in the process of formation of ‘“humic
acids.” The carbon content of the ‘‘humins’ was reported to be 62.66
per cent, and the hydrogen content, 3.7—4.6 per cent.

2. “Humic acids,” insoluble in alcohol, easily soluble in dilute alka~
lies, and precipitated in the form of abundant flakes from the dark
brown solution by acids (242).

3. “Hymatomelanic acid,” soluble in alkalies and precipitated by
acids; the precipitate is soluble in alcohol and becomes insoluble on
drying. This body was considered to be an acid anhydride, of the
formula CzeszOg.

4. Water-soluble substances, of a low carbon content and present in
the waters of peat bogs (50).

As opposed to this idea of the specific acid nature of the ‘“‘humus
complexes,”’ there grew up, during this period, a new conception of
humus which can be designated as colloid-chemical. According to this
theory, the acidity of humus is not due to free humic acids, but is asso-
ciated with the reactions of humus with mineral salts; the bases are
adsorbed from the salts, liberating the mineral acids. The foundation
of this idea was laid by Van Bemmelen (89) and further extended by
Baumann and Gully (75). In 1909, Baumann (74) published a critical
summary of the status of our knowledge of the ‘“humic acids,’”’” in which
he came to certain very important and definite conclusions. The chem-
ical composition of the natural preparations was believed to vary con-
siderably; the available information pointed to the non-existence of
definite chemical compounds that could be designated as “humic acids.”
These ideas were substantiated by the work of Hermann, Eggertz,
Sostegni, A. Mayer, and Miklausz. Most of the ‘“humic acids’ so far
investigated were considered to be mixtures of plant (and sometimes also
animal) products, partly decomposed, partly conserved because of their
resistance to decomposition, and mostly combined in a colloidal state.
The chemical constituents of these complexes could be separated from
one another only with difficulty; they included fats, waxes, pentosans
and other hemicelluloses, amino bodies, and resins, in various combi-
nations, since the composition of the plant residues from which they
originated varied. The possibility was not excluded that organic acids
(propionic, butyric, etc.) were present in the colloidal complex. How-
ever, such a substance as ‘“humic acid’’ was believed to be entirely ab-
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part of the total humus; further, the fact that these compounds did not
include any black colloidal material was considered as sufficient evi-
dence for considering them as impurities of the humus.

Maillard-Oden (1912-1921). The following decade saw a renewed
interest in the ‘““humic acids’’ as definite chemical compounds. New
methods of approach were developed in an attempt to synthesize com-
pounds resembling the natural ‘‘humic acids’’ in their general properties.
In some of these methods, the presence of nitrogen was given serious
consideration. More attention was also paid to the origin of the
humus complexes in the process of decomposition of plant and animal
residues.

Earlier investigators (736, 955, 404, 807, 396) showed that when pro-
teins are boiled with concentrated mineral acids, a brown to dark col-
ored residue is formed. On boiling a mixture of glucose and urea in
strong hydrochloric acid solution, dark colored substances containing
6.73 per cent nitrogen were produced (1192). Samuelly (938, 555,
792), suggested that the formation of these complexes, designated as
“artificial melanins’’ or ‘““melanoidins,’”’ is due to a secondary reaction
between amino acids and carbohydrates. Maillard (664—6) carried out
a number of experiments which tended to prove that ‘“humic acids”
are formed as a result of interaction of various amino acids with sugars.
When a mixture consisting of one part of glycocoll and four parts of
glucose, in aqueous solution, was placed on a water bath, at 75°C.,
a brown color developed in a few minutes. Maillard (665) suggested
that as a result of an interaction of the aldehyde and ketone groups in
the sugar molecule with the —NH,; and — COOH groups in the amino
acid molecule, a CO; group is removed from the latter and a molecule
of water from the former, and a ‘‘humic acid’ complex containing
4-6 per cent of nitrogen is produced:

CH,OH -CHOH .-CHOH-CHOH.-CHOH.-CHO
CH,OH -CHOH -CHOH-CHOH-CHOH.CH
CH.OH-CHOH.CHOH-CHOH.CHOH-CH = N.CH;

The formation of humic materials in nature was thus believed to be
a result of purely chemical reactions, in which microorganisms play
no part except in the formation of sugars from complex carbohydrates
and of amino acids from proteins. Gortner (356) found that on boiling
tryptophane with sugar in a 22.9 per cent hydrochloric acid solution,
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86 per cent of the nitrogen is converted into a “humin’’ complex. Other
amino acids were also found (356, 369, 458, 640, 921) to behave in a
manner similar to tryptophane, especially the a-amino groups of ar-
ginine and histidine.

The high concentration of amino acids and sugar, as well as the high
temperature employed by Maillard, left room for doubt as to whether
or not the above reactions can be considered to be similar to those which
take place in the process of formation of humus complexes in nature.
According to Trussov (1183), dark brown substances are produced, as
a result of the interaction of sugars with amino acids, only in the pres-
ence of definite concentrations of both, and not in all proportions and
relative concentrations. Trussov has further shown that by the action
of ammonia and other alkalies upon glucose and other carbohydrates,
dark colored substances are also formed. However, he concluded that
this process is probably only of secondary importance and can at best
account for only a limited amount of the dark substances produced
during the decomposition of plant and animal residues in nature.

Neuberg and Kobel (758) could not demonstrate the formation of
any dark colored substances or CO,; as a result of the interaction of
fructose and alanine at low temperatures, even after treatment for sev-
eral weeks. One may conclude, therefore, that although such sub-
stances are produced at high temperatures as a result of the interaction
of amino acids with sugars, it is very unlikely that this process takes place
more than to a very limited extent in soils and in peats, where no free
sugars or amino acids are present beyond mere traces and where the
needed high temperatures are seldom attained.

The production of dark colored substances on boiling furfural with
hydrochloric acid was also used as a basis for a theory presented to ex-
plain the formation of ‘“humic compounds’” (356, 674). It was sug-
gested that ‘“humin” and “humic acid’’ complexes are formed when
carbohydrates are boiled with acids, through the furfural stage; accord-
ing to Beckley (80), the first product is hydroxy-methyl furfural,
which is later changed to ‘“humus’ (197, 311).

An attempt was finally made to rejuvenate the theory of the existence
of several definite ‘‘humic acids” in peats and in soils, by applying
modern physicochemical methods of investigation. This was primarily
a result of the work of Oden (778-781). In differentiating between
“humic compounds’” and “humic acids,”” Oden defined the first as
‘“‘the light-brown to dark-brown substances of unknown constitution
which are formed in nature by the decomposition of organic matter
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through the action of atmospheric agencies or in the laboratory by
chemical reagents,” and the second as ‘‘those humic substances which
are capable of giving hydrogen ions and form typical salts with strong
bases.”” The nitrogen was considered as an impurity.

Oden isolated ‘“‘humic acids’ from peat and from soil, by treating
these first with an acid, washing with water, and extracting overnight,
at 30-80°C., with 4 N ammoniacal or NaOH solution; the extraction
was repeated 15 to 20 times until all of the alkali-soluble material was
removed. Sufficient NaCl was then added to the alkali solution to
make it 2 N. A coagulum was produced; this was removed by centri-
fuging. The dark colored filtrate was now concentrated, acidified with
hydrochloric acid, again centrifuged, and washed. The last precipitate
contained both ‘“humus acid’”’ and ‘“‘hymatomelanic acid,”” which were
separated by alcohol treatment.

Oden demonstrated, by means of potentiometric measurements, the
presence of organic acid ions in soils and in peats; the hydrogen ion
concentration of ‘“‘humic acid” prepared from peat was equivalent
to pH 3.87. Oden suggested that the acid nature of soil humus is due
to hydrogen ions formed by the “humic acids.”” The action of NH,OH
on ‘“‘humic acid’”’ was considered to give rise to a true salt. The neu-
tralization of the ‘“‘acid”” with an alkali (NaOH) was followed by means
of conductivity measurements, whereby an approximate equivalent
weight of 339 was found; the conductivity of ‘“‘sodium humate,” during
the process of dilution, made it seem probable that this is a tribasic
acid (778).

Later (781), however, Oden described ‘‘humus acid’’ as a tetra-
basic acid of medium strength, soluble in water with difficulty, but
readily giving colloidal solutions. The formula CgoHz2O2:- (COOH),
was not in disagreement with the analytical results obtained by different
investigators; however, the formula (R-hum) H, seemed to be prefer-
able, with R-hum corresponding to the radical CesHs:032 = 1332. The
alcohol-soluble ‘‘hymatomelanic acid”’ was believed to be formed by
hydrolysis of the ‘“humus acid,”” in the process of treatment with the
alkali. According to Oden, the alcohol-soluble ‘‘acid’’ has a deeper
brown color, a lower equivalent weight (about 250), a somewhat higher
carbon content (about 62 per cent against 58 per cent of the ‘“humus
acid’’), and a greater degree of dispersion, whereby colloidal solutions
of greater constancy than those of ‘“humus acid’’ are formed. On re-
peated solution and reprecipitation of ‘‘humus acid’’ preparations,
their nitrogen content was reduced from 2.5 to 0.7 per cent. However,
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even the lower nitrogen content could not correspond to the four re-
placeable hydrogens; this led Oden to conclude that the nitrogen was
probably present as an impurity, and not as a constituent of the mole-
cule, a conclusion reached previously by Detmer and others.

Oden finally came to distinguish four organic complexes in the humus
of soils and peats. ‘“Humus acid”’ and ‘“hymatomelanic acid”’ were
believed to be definite chemical entities, while ‘“humus coal” and
“fulvic acid’’ were looked upon as groups of complexes (table 2). Kreu-
len (589) separated a phenol-soluble part of ‘‘humic acid,” which he
called ‘““pyrohymatomelanic acid.”” It was believed that the formation

TABLE 2
A summary of the properties of the ‘‘humic acids’’ of Oden (781)

- SOLUBILITY IN LE 5 % E
NAME O
PREPARATION X SALTS COLOR pRE|( & =
Water Alcohol Alkali g<r| < 153
per
cent
“Humus acid’’ | Soluble with | Insoluble, | Soluble | Alkalisaltssolu- | Dark brown 340 58
difficulty, but dis- ble in water, with red
but dispers- persable dispersed in tinge
able alcohol
“Hymatome- | Difficultly Soluble Soluble | Salts of other | Brown with 250 62
lanic acid’’ soluble, eas- bases diffi- yellow
ily dispers- cultly soluble tinge
able in water but
dispersable
“Fulvic acid” | Truesolutions | Soluble Soluble | Most water solu- | Golden yel- v 55
’ ble low to pale
yellow

of this complex takes place as a result of interaction between ‘“hymato-
melanic acid’”’ and the ‘“‘residual humus acid.”” According to this idea,
the ‘“humic acids’’ form a series of polymers of increasing complexity,
in accordance with their solubility in alcohol, in phenol, and in alkali
solutions.

To the ever-growing list of ‘‘acids,” Popp (835) added, in 1920,
“humal acid,” a substance soluble in water and closely related to the
sugars, with 43 per cent carbon and 6 per cent hydrogen. This ‘‘acid”
was found to be partly fermentable; it could be obtained from all types
of peat, but not from brown coal. Popp considered it to be a decompo-
sition product of ‘“humus acid’’; the fact that it could be readily de-
composed to CO; led Popp to the conclusion that this compound was
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intermediary between humus and carbon dioxide. ‘“Humal acid’’ was
studied further by Marcusson (677) and was found to be closely related,
in its general properties, to the ‘““fulvic acid’’ of Oden and to the earlier
‘“crenic acid’’ and ‘‘apocrenic acid’’ of Berzelius. When the alkaline
extract of peat was acidified, the “humic acids’’ were precipitated. The
filtrate was neutralized by means of an alkali solution and concentrated.
The “humal acid” was extracted from the concentrate by means of
alcohol, yielding quantitatively 20—30 per cent of the total original peat.
It had an equivalent weight of 350 and was believed to form an impor-
tant step in the formation of coal from cellulose:

Cellulose—*‘oxycellulose’”’—*‘humal acid’”’—*“‘humiec acid’’—coal.-

The recent advances in our knowledge of the chemistry of hemi-
celluloses and especially of the uronic acid complexes, as well as the
fact that more than 50 per cent of the constituents of sphagnum plants
(1236, 1242) consist of such complexes, would lead one to consider this
so-called ‘“humal acid’”’ not as a decomposition product, but as a con-
stituent of the original plant residues. If it is formed at all during the
decomposition processes taking place in peat, it is probably due to the
synthesizing activities of microorganisms, as in the case of the formation
of bacterial slimes and gums, which contain glucuronic acid groups;
the last mentioned compound was actually found by Marcusson in the
water-soluble fraction of decomposed oak wood.

Modern Period (1922—-1935). The modern period of humus investi-
gation has been characterized by two important tendencies: 1. the
recognition of the benzol structure of some of the important constit-
uents of humus and the study of the chemical nature of humus as
related to that of the plant constituents from which it originated,
notably lignins; 2. the recognition of the rbéle of microorganisms in
the decomposition processes and in humus formation. According to
Eller (264), the ‘“humic acids’’ obtained by treatment of carbohydrates
with mineral acids have nothing in common with the natural products,
in spite of the superficial similarity. By determining the carbonyl-
oxygen in the ‘“humic acid”’ complexes, Leopold (629) has also demon-
strated that a marked difference exists between the natural and artificial
preparations. However, on oxidation of phenols and their derivatives,
products were obtained which were very similar in their chemical and
physical properties to the natural ‘“humic acids’’ (265). 'The chlorine
derivatives of ‘“humic acids’’ from phenols and from natural materials
contained 42—44 per cent chlorine, were easily soluble in alcohol, ether,
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Eller’s ideas did not receive immediate recognition, however. Eh-
landt (255) obtained three ‘“‘humic acid’”’ preparations from brown
coal. This coal contained 63.7 per cent carbon, 4.3 per cent hydrogen,
1.58 per cent nitrogen, 0.95 per cent sulfur and 29.5 per cent oxygen on
a dry ash-free basis, and 9.4 per cent ash. These preparations were
classified on the basis of their solubility in alcohol: 1. insoluble in al-
cohol, 2. soluble in alcohol, and 3. soluble in alcohol and ether and
precipitated with water. Bitumen-free coal was considered to consist
of Ca, Mg, and Fe salts of these ‘‘acids.”” The coal was first treated
with benzol or alcohol, to remove the bitumens, then with 56 per cent
hydrochloric acid to liberate the ““acids’’ ; these were extracted, at 60°C.,
with 4 per cent NaOH solution and then precipitated with HCl. Their
relative concentration in coal was 40, 28, and 12 per cent respectively,
which, together with 10 per cent ash and 10 per cent bitumen, made up
the coal. Eller’s ideas concerning the identity of ‘‘phenolic humic
acids’’ and ‘‘natural humic acids’ were criticized because, on nitration,
4.92 per cent nitrogen was taken up by the artificial preparation and
only 3.4 per cent by the natural product, which originally contained
2 per cent nitrogen; the formation of chlorine derivatives took place
more energetically in the natural than in the artificial preparations.

Bottomley (136), Marcusson (675), Jones and Wheeler (511), and
others (543) still believed that the humus compounds, namely, the
“humic acids’’ originated from carbohydrates. They ascribed the furan
structure, not only to the preparations obtained by treatment of carbo-
hydrates with acids, but also to natural compounds. Eller, on the
other hand, emphasized the aromatic nature of these compounds. Ac-
cording to Orlov (791), the structure of a humic substance is inde-
pendent of the structure of the original material. Humic bodies pro-
duced from paraffin by oxidation at 120-140°C. were found to be closely
related to natural ‘“humic acids.”’

The probable réle of incrusting substances in the formation of humus
in soils and composts began to attract the attention of a number of
investigators. Lange (607) expressed the idea that ‘‘humic acids”
are closely related to the ‘lignic acids.” According to Hoffmeister
(456), dark colored substances are formed by the extraction of lignin
with an alkali solution, finally yielding ‘humic acids.”” Fischer and
his associates (292-295) were particularly emphatic in calling atten-
tion to the important réle of lignins in the formation of humus. Cel-
lulose has an aliphatic or furan-like structure, whereas lignin has an
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aromatic structure containing the benzol ring, with acetyl and methoxyl
groups. Fischer demonstrated that in the formation of peat the cel-
luloses of plant residues change to carbon dioxide and water, whereas
the lignins remain and accumulate. The lignin molecule does not
remain unchanged, however, but loses certain acetyl groups, with the
result that the phenol-containing, alkali-soluble body of the molecule
is changed to ‘“humic acid.”” By an increase in the size of the mole-
cule, either by oxidation or by dehydration, the ‘“humic acid’ is later
transformed into insoluble ‘‘humin,”” and then into coal (509, 1031).

Fischer and Schrader (294) divided the natural humus compounds
into the following groups:

I. Neutral components:
1. ‘““‘Humus,’”’ completely insoluble in alkalies,
2. ““Humins,’’ soluble in alkalies only on prolonged boiling.
II. Acid components:
1. ‘““Proto-humic acid,’’ soluble in alkalies on long standing in the cold
or on heating,
2. ““Humic acid,’”’ soluble in alkali carbonates even in the cold (958)

According to Fuchs and Leopold (331, 629), “humic acids’’ obtained
from peat contain both COOH and phenolic OH groups, as demon-
strated by the process of methylation. The carboxyl groups allow
salt formation; the hydroxyl groups are also capable of combining with
bases. Salts can be prepared by treating the ‘“‘humic acids’’ with salts
of mineral acids (413). On shaking ‘humic acids’” with an alcoholic
solution of potassium acetate or by saponifying the methylated ‘“humic
acids’’ with alcoholic potassium hydroxide, salts were prepared (331).
The base content of the salt corresponded quantitatively to the meth-
oxyl content of saturated methylated compounds. In the case of nat-
ural ‘‘humic acids,’”’ the methoxyl content was found to vary with the
source of the material (295). In one instance, the presence of 6.9 per
cent methoxyl (OCH;) and of three methylated OH groups was demon-
strated (325, 326), thus corresponding to a molecular weight of 1300
1400. The carbonyl (CO) content of ‘“humic acid” was reported
(453) to vary from 0.4 to 2.2 per cent. Fuchs concluded that the
“humic acid’’ molecule contains three to four carboxyl groups, three
to four hydroxyl groups which are subject to methylation, one meth-
oxyl group, and one carbonyl group.

“Humic acid”’ was, therefore, considered to be a group of natural
oxy-carbonic acids originating in the decomposition of dead organic
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material as dark amorphous substances capable of giving off H-ions
and of forming salts and possessing base-exchange capacity (327).
The following formulae were suggested for the complexes isolated from
peat:

C1oH 52010 (OCHj3):(COOH) (CH;CO) (OH),
CssH4601; (OCH;) (COOH) (OH),
CsoHu 017 (COOH)4 (OH)s (CH2-CO)

When “humic acid” is treated with ammonia, the latter is bound in
two different ways, one in which it is removable by an alkali and the

TABLE 3

Comparative chemical properties of cellulose, lignin and humic acids (3256)

PROPERTY CELLULOSH LIGNIN “HUMIC ACIDS"’
General nature High molecular | Mixture of cyclic | Mixture of cyclic

aliphatic alcohol phenol ethers oxy-carbonic

acids
Stoichiometric CGH1005 (162) O4oH44O15, ete. (ab. CeﬁHngso, ete. (ab.
molecule 800) 1400)

Special character- | 8 alcohol groups, | Methoxyl groups, | Little methoxyl,
istics 1 oxygen bridge, secondary alco- phenol groups,
1 glucoside oxy- hol groups, little carboxyl groups,

gen phenolic-hy- cyclic oxygen

droxyl, cyclic
A oxygen
Hydrolysis by acids| 1009; glucose Hardly acted upon{ Hardly acted upon
Oxidation Few characteristic| Give oxycarbonic acids of similar
products, not chemical nature, autooxidizable in
autooxidizable presence of alkali, give benzol car-
bonic acids
Heat All give amorphous, carbon rich bodies of partly aromatic
structure

other in which it is not; the ammonia in the latter form made up 3 per
cent of the preparation and was considered to be cyclically bound,
replacing oxygen. The presence of nitrogen in various ‘‘humic acid”
preparations was explained by Fuchs as due, either to the presence of
a protein molecule bound to a nitrogen-free compound, or to the re-
placement of oxygen by ammonia in the cyclic compound.

A summary of the chemical characteristics of ‘“humic acids’’ as com-
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‘“humin” fractions of brown coal: different coals show differences in
the degree of methylation.

The equivalent weight of ‘“humic acid’’ has been reported to be 147
(1087). Erdtmann (276) obtained Ba-‘“humate” with 24 per cent
Ba and Ba-‘“hymatomelanate’ with 30 per cent Ba, thus corresponding
to equivalent weights of 218 and 153. According to Samec and Pirk-
maier (937), the molecular weights of the alcohol-insoluble and alcohol-
soluble preparations differ with the material from which they are iso-
lated, as shown by the following summary:

Source Lignite Peat Brown coal
“Humic acid”........... ... .o o i it 1,445 1,235 1,345
“Hymatomelanic acid”.................... 855 761 739

Among the natural products which were considered as almost ‘“‘pure
humic acids,”” dopplerite and more recently Cassel brown received partic-
ular attention. Dopplerite is considered to be a naturally occurring
calcium salt of “humic acid”’ and is completely soluble in sodium hy-
droxide solution (956); it was also looked upon as a mixture of acid an-
hydrides (1162). According to Miklausz (708), dopplerite is formed when
the colloidal solution of ‘““humic acid’”’ in water is brought into contact
with calcium. Cassel brown, because of its practical insolubility in
acetyl bromide, is considered to be ‘‘pure humus’’; this will be treated
in detail later.

A detailed chemical study (832a) of ‘“‘natural humic acid’’ obtained
from lignite and of ‘‘artificial humic acid’’ obtained from coal definitely
established the fact that the two types of dark colored material are dis-
tinctly different in chemical nature. The first was shown to have an
empirical formula of (CgHegOszs). or [Cr7Hs:01: (OCH;) (OH)s(COOH),]..
Two of the hydroxyl groups were associated with keto-enol isom-
erism, and the remaining six hydroxyls were characterized by high
acidity. The second had the empirical formula of (CssH49O23). or
[CssHyy01:1(OH)s(COOH)4].. Of the four hydroxyls, three were aliphatic
and one of a much more acidic type.

Recent tendencies. Several recent contributions to the subject of
“humic acids’” modify the earlier conceptions of these compounds.
Oden’s conception of ‘“humic acids’ portrayed a group of organic sub-
stances which are capable of liberating hydrogen-ions and which react
with bases to form typical salts and water. Page (801) proposed that
use of the term ‘“‘humus’ be discontinued altogether because of the
widely different meanings attached to this word by various investi-
gators. The term ‘“humic matter’’ was suggested, to describe the
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“dark-colored high-molecular colloidal organic matter’”’ which is a
characteristic constituent of the soil; the term ‘‘non-humic matter’”
was applied to the colorless organic substances, largely soluble, which
result from the chemical and biological decomposition of the plant and
animal residues, such as celluloses, lignins, waxes, and from the further
decomposition of the ‘humic matter’’ itself. That part of the ‘“humic
matter’’ which is soluble in cold, weak alkali and is reprecipitated by
acids was referred to as ‘“humic acid’’; the part insoluble in cold al-
kali but soluble in hot alkali solution was referred to as ‘“humin.”
The “fulvic acids’ of Oden were included in the ‘“non-humic matter.”
A similar distinction was made (667) between “humus’’ and ‘“humus-
accompanying substances’’.

Page (247, 248) was convinced, however, that no satisfactory evidence
had been shown so far to prove that any of the preparations obtained
from the colored ‘“‘humic matter’”’ of soils and composts might be re-
garded as chemical individuals. This ‘““humic matter’’ could be readily
fractionated by various physical and chemical methods into groups
of substances with characteristic physical and chemical properties.
The isolation of such groups as the “humin’’ and ‘“humic acid’’ prepara~
tions was considered as preliminary to the isolation of well-defined
chemical compounds from the soil; their characterization was believed
to throw light upon the origin, nature, and function of the ‘humic
matter” of the soil.

In an attempt to correlate the recent progress made in the study of
the decomposition of organic matter with the older conceptions of the
chemical identity of the ‘“humic acids,”” Strache and Lant (1104) sug-
gested that the different ‘“humic acids’’ consist of the same chemical
compound, accompanied by various impurities. They proposed that
the natural compounds should be classified separately from the ‘“artifi-
cial humic acids.”” The natural compounds formed during the decom-
position of organic materials were called ‘“natural humic acid,”” soluble
in alkali carbonate and precipitated by acids; ‘humin,”’ insoluble in
alkali carbonate but soluble on continued boiling with hot alkalies;
and ‘“‘humus-coal,”’ insoluble even on continued boiling with strong al-
kalies. F¥rom the artificial compounds obtained by treatment of or-
ganic substances with chemical reagents they named those soluble in
alkali carbonate and precipitated by mineral acids, ‘‘artificial humic
acid” or ‘“‘huminoid acid’’; and those similar to ‘‘natural humins,”’
“artificial humin’’ or “huminoid substances.”’” Fischer and Fuchs (328)
applied the term ‘“humic acids’ to that part of the brown coal which is
freed from ash and bitumen, including the alkali-insoluble substances.
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soluble in acetyl bromide and soluble in suitable neutral or slightly
acid reagents, such as fluorides and oxalates; 2. “humolignic acids’’ or
“humocelluloses,”” made soluble by alkali reagents; 3. “fulvic acids”
soluble in water or boiling sodium acetate.

Siedlietzki (1023a) has recently shown, by means of spectographic
analysis, that “humic acid’’ preparations from various peats and soils
have a similar atomic arrangement; the central nucleus of these prep-
arations resembles that of lignin, although the connections at the
peripheries are different.

SUMMARY

After a century and a half of intensive study, our knowledge of the
chemical nature of humus and its constituent groups, including the
“humic acids,” is still in a highly confused state. The conception that
humus is comparatively simple in chemical composition and that purely
chemical processes are responsible for its formation still persist in some
quarters. ‘“Humic acids’’ are even now considered to be the most
important constituents of humus in soil, peat, and composts. Some
chemists are still convinced that the ‘“humic acids’’ obtained by treat-
ment of carbohydrates with mineral acids are identical with those
present in decomposing plant residues and in soil. It is still believed
that humus consists of a few chemical complexes, which can be obtained
from the organic matter of soils and peats by the use of alkali solutions.

This simple system of classification of the complex forms of organic
matter present in soils, bogs, and composts does not take into considera~
tion the numerous processes involved in the decomposition of the plant
and animal residues by numerous microorganisms, the chemical com-
plexity of these residues, and the variety of products resulting from
their decomposition. The chemical and atmospheric agencies should
no longer be held responsible for processes that are not understood.
One of the most important elemental constituents of humus is nitrogen.
This frequently makes up 3 to 6 per cent of the total organic material,
thus accounting for a third of the total humus in the form of protein,
but it is still generally omitted from the various chemical formulae of
“humus’ and ‘“humic acids,’’ since it does not fit well into any of these
postulated compounds.

The various ‘“humic acids’”’ commonly isolated from humus account
at most for only 50 per cent of the total organic matter. Before the
exact chemical nature of these ‘‘acids’’ has been definitely established,
before their function in humus is known, one is hardly justified in devel-
oping a system of classification of the chemical properties of various






CHAPTER IV

“HUMIFICATION” OF ORGANIC MATTER IN SOILS AND
IN COMPOSTS, AND METHODS OF “HUMUS”
DETERMINATION

“The determinaiion of that part of the soil humus, which 18 soluble in
dilute alkalies ... can teach us very little. Such simple procedures are
entirely unsatisfactory in order to judge the value of the humus.”’—VAN
BzMMELEN,

“Humification’ as a specific process of humus formation. The earlier
investigators believed that humus formation takes place in nature by
a specific process of ‘“humification,”” whereby the plant residues are
bodily transformed into dark colored substances, or humus.

The first definite suggestion concerning the nature of this process is
traced to Wallerius (1245), who stated that humus is formed from de-
composing vegetation. As long as the plant residues underwent con-
tinued decomposition, the product was called ‘“humus’’; when they were
saturated with water, the product gave rise to peat. This idea was
expended by de Saussure in 1804, who emphasized that humus originates
from vegetable matter through the combined action of air and water.
These simple conceptions prevailed among many chemists and, as late
as recent years, one finds definite statements to the effect that the
decomposition of organic residues in nature and the formation of humus
are largely processes which involve simple oxidation and condensation.
In many instances, even when the réle of microorganisms in the decom-
position of plant and animal substances in soils and in composts was
taken into consideration, the processes were designated by such vague
generalized terms as ‘‘decay,’” ‘“fermentation,”” and ‘‘putrefaction.”

Liebig, in 1840, spoke of the production of humus in the decomposi-
tion of vegetable matters by the action of acids and alkalies; he further
stated that ‘“woody fibre in a state of decay is the substance called
humus.” Rosenberg-Lipinsky (915) defined humus as ‘‘a mass of
brown, partly soluble, partly insoluble, partly acid and partly neutral
products of decomposition, which, in the presence of air, water and heat,
undergo further decomposition, giving carbon dioxide, water and am-
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monia.”” According to Hilgard (442), plant material added to the soil
has first to be ‘‘humified’’ before the nutrient elements contained therein
become available for plant growth. Humus was thus considered to be
a substance produced as an intermediary product during the decom-
position of organic residues; it was also looked upon as that portion of
soil organic matter which can readily become available for plant
nutrition (601).

Oden (781), among the more recent investigators, also believed that
the process of humus formation in nature is purely chemical, similar
to the formation of “artificial humic acids.” Maillard (665) proposed
a purely chemical theory of humus formation, namely, the interaction
of the sugars produced in the hydrolysis of polysaccharides with the
amino acids formed from the proteins to give rise to humus; this process
was believed to be one of ‘‘dehydration and humification.” As late
as 1930, humus formation, beginning with the first stages of browning,
was considered (1310) to be physicochemical and non-biological in
nature: during this process of ‘“humification,”’” oxygenated water and
benzol-ring compounds which act as antiseptics are formed; the rays
of the sun and temperature were believed to be the chief agents in this
process; a definite relation was said to exist between plant pigmentation
and humification, since the maternal substance (aromatic bodies) are
the same and the energy of formation is the same. These ideas and
others of a similar nature are largely speculative and not based upon
sufficient experimental evidence.

Wieler (1280) stated that all plants contain ‘“humic acids.” Fraps
and Hamner (314) and Gortner (353), using ammonium hydroxide solu-
tion, obtained from fresh plant materials an extract similar to ‘“humus’’;
after the plant residues were added to the soil, the concentration of this
“humus”’ complex was found to diminish; they suggested, therefore,
that no specific “humification’ process takes place in the soil but that
“humus’’ is actually added to the soil in the plant remains. These
results seem to be quite contrary to the prevalent theories concerning
the formation of humus and its resistance to decomposition, a phenome-
non responsible for its persistence in soil and its accumulation in
peat bogs.

The current ideas of ‘“‘humification’’ considered as a specific process
of humus formation were thus found to be, in most instances, as vague
as, if not more so than, those concerning the chemical nature of humus
itself. No attention was usually paid to the fact that the chemical
constituents of the plant and animal residues may be decomposed at
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different rates, by various organisms, giving a variety of products.
Decomposition of the plant material was frequently looked upon as a
single process. The complex chemical nature of the materials was not
fully recognized, nor was the fact that in the microbial transformation
of different organic complexes many reactions are involved which lead
to the formation of numerous new compounds. In many instances,
one finds only broad generalizations as to the réle played by microor-
ganisms in the formation and accumulation of the dark colored organic
matter, namely, humus (173).

An enumeration of the terms used at various times to designate the
process of decomposition of plant and animal residues is sufficient to
illustrate the confusion current in the literature of the last century and
even during the first three decades of this century concerning this
important natural process. The following terms have been most com-
monly employed:

Decay (Verwesung, Eremacausis)
Moder formation (Vermoderung)
Fermentation (Gidrung, Vergirung)
Mineralization

Putrefaction (Fiulnis and Verfidulnis)
Humification (Humifikation, Huminifikation)
Ulmification (Ulmifikation)

Peat formation (Vertorfung)

Rotting (Verrotung)

Combustion

Bituminization (Bituminierung)

Coal formation (Inkohlung)

Some of these terms were defined in detail by Wollny (1301). Only
a few of these need be discussed further here.

Decay was defined as ‘‘the process of decomposition, whereby some
organic constituents are volatilized and the non-volatile are left behind
and are changed into assimilable minerals.”” The process takes place
in the presence of oxygen and is accompanied by the liberation of am-
monia and carbon dioxide. According to Potonié (842), decay brings
about the complete destruction of the organic constituents, with only
the mineral complexes left behind.

M oder formation was considered to be a process of decomposition less
extreme than that of decay, the term ‘‘moder’”’ designating a complex
between the original plant material and the resultants of complete
decay.

Fermentation was originally used by Pasteur to designate anaerobic
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processes or life without oxygen; this term has come to mean, however,
the decomposition of carbohydrates with the evolution of gas or the
formation of acid or both. '

Putrefaction was applied to the processes of decomposition that take
place under reduced oxygen pressure or under completely anaerobic
conditions. A limited amount of gaseous products, consisting, accord-
ing to conditions, of CO,, CH,, H,, H.S, N3, N2O are formed, and there
is left behind a more or less dark-colored mass of organic matter resistant
to further decomposition and containing non-nitrogenous and nitrog-
enous compounds, volatile acids, and minerals, largely in unassimilable
forms. 'This term was frequently applied to such processes of decom-
position of proteins which lead to the formation of foul smelling sub-
stances.

Peat formation also takes place in the absence of air. The process
is carried out under water without any oxidation; the changes are
intramolecular, with some molecules condensing and liberating COs,
H.0O, and CH,. Although more recent investigators believed that living
organisms take an active part in the first four processes listed in the
foregoing, the function of such organisms in the formation of peat was
considered questionable, even as late as 1922 (539). Blacher (119)
stated in 1925 that the process of ‘‘peat formation’ stands midway
between ‘‘moder formation,”” with partial admission of oxygen, and
“putrefaction,”” which takes place in the total absence of oxygen.
Potonié defined this process as follows: ‘“Peat formation is one of self-
decomposition, which represents the last phase of combustion, decay
and putrefaction processes, following one another.” Ost (794) defined
peat as ‘‘a product of moder formation of recent bog plants.”

Von Post (838) suggested the use of a graded scale of ten units for
measuring the degree of “humification’ or ‘“‘huminosity’ of peat. The
color and turbidity of the water liberated from the peat when squeezed
by hand, as well as the change in plant structure as recognized by the
naked eye, were used as criteria of transformation. This system seems
to be a modification of an earlier, less complicated one proposed by
Wallgren in 1910 (119). Needless to say, this system is arbitrary and
unfounded upon knowledge of the chemical processes involved in the
decomposition of peat. In speaking of the products formed as a result
of various decomposition processes, von Post distinguishes the forma-
tion of several substances: (a) ‘‘gyttja,” or ‘‘sapropel’’-like material,
resulting from ‘‘putrefaction’’ or “fermentation’’; (b) formation of ‘“‘dy,”’
or colloidal humus material, in environments supplying amounts of air
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that are limited as a result of water cover; (¢) production of “raw
humus’ under conditions of limited aeration and drainage; (d) ‘“moder”
formation, occurring when a plentiful supply of oxygen is admitted.
“Sapropel” and ‘‘dy’’ are further distinguished by the color of the
alkali extract, the former being greenish and the latter brown. No
consideration was given to the microorganisms active in the decom-
position or to the chemical transformations involved, which alone could
explain the formation and physical characters of the products. Such
systems are at best only descriptive in nature.

Methods of ‘“‘humus’ determination. Because of the significance at-
tached to the formation, in the process of decomposition of plant and
animal residues, of specific complexes possessing characteristic proper-
ties and known as ‘“humus,’”’ it was quite natural that various methods
should be devised for its quantitative determination in soils and in
composts. The need for such methods was based upon the recognition
of a distinct difference between ‘‘humus’ and the decomposing residues.
As far back as 1861, Fremy (317) stated that peat consists of structural
material of undecomposed plant residues and of varying proportions of
brown compounds, neutral or acid, nitrogenous or nitrogen-free, which
“‘we designate in our ignorance by the general name ulmic compounds.”’

Similar ideas are found in the work of numerous investigators in very
recent times. It is sufficient to cite Springer (1077), who divided humus
into two groups of constituents: (a) one consisting of undecomposed
plant residues, which can be identified with cellulose, pectins, tannins,
lignins; (b) the other consisting of true ‘humic substances,” under
which ‘‘one understands those yellow-brown to dark-black-brown colored
substances of unknown constitution, called by Grandeau matzére nozre,
which are formed as a result of chemical decomposition in nature of
the above organic substances under the influence of atmospheric agen-
cies.”

It is reasonable to assume a priort that, with the prevalent confusion
concerning the nature and origin of the humus substances of the soil,
the methods for their quantitative estimation should give varying
results, since, by the use of different methods, different complexes are
frequently measured. A detailed review of the numerous methods
proposed at different times for determination of ‘“humus’’ is given here
because of the historical significance attached to the results obtained
by these methods. Very few of these methods are valuable in inter-
preting the abundance of soil organic matter or its specific nature (see
also 114, 188, 270, 584, 643, 707, 738, 864, 809, 831, 884, 885, 1048).
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ALKALI EXTRACTION METHODS

Grandeaw’s method and its modifications. Achard (8) was the first
to extract peat with alkali solutions and to neutralize the extract with
sulfuric acid. The yield of dark brown to almost black precipitate was
taken as an index of the ‘“‘degree of humification’ of different peats.
Since that first investigation, numerous measurements have been made
of the content of ‘‘humus’ in soil and in peat, by extracting the dark
colored material with alkali solutions. The procedure most commonly
employed was that recommended by Grandeau, who extracted the dark
colored organic substances with ammonium hydroxide solution, after
preliminary treatment of the soil with dilute hydrochloric acid. He
believed that these materials are the most important nutrients for
plants. This method was modified later by Hilgard (439, 484). He
treated the soil first with dilute hydrochloric acid solution (1 to 10 per
cent) to break down the ‘‘calcium humate,”’” filtered and washed the
soil with water, and then extracted it with 4 per cent ammonium hy-
droxide solution; the extract was removed by filtration, evaporated,
dried at 105°C., and then weighed and ignited; the loss in weight was
taken as the “humus’’ content (matiére noire) of the soil.

This method of ‘“humus’” determination was found to be open to
considerable criticism. In the first place, not all of the dark colored
constituents of the organic matter go into solution by this procedure,
while some of the colorless constituents are dissolved. Secondly, the
amount of “humus’ found in a soil depends upon the concentration of
the ammonia, the volume used, length of time of extraction, and the
manner of extraction, as shown in table 5. Huston and McBride (469)
suggested the use of a 4 per cent solution of ammonium hydroxide and a
12-hour period of extraction. Ammonia was found to deflocculate the
clay fraction, which is not removed by filtration. Various modifica- ,
tions were introduced for the purpose of removing clay from the alkali
extract (724), such as filtration through a clay filter (168, 169, 535),
coagulation in the process of evaporation of the extract on a water bath,
the use of ammonium sulfate or potassium chloride (314), and separa-
tion of the clay by electrolysis (862) or by centrifuging (1266).

None of these modifications proved to be entirely satisfactory and
still left the method open to criticism. If the clay is not removed, its
high content of constitutional water will invalidate the results obtained
on ignition of the residue; if an ultra-filter is employed to remove the
colloidal clay, some of the colloidal ‘“humus’’ is also removed; when the
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clay is coagulated with an electrolyte, some of the organic complexes
are also coagulated. These difficulties tended to discourage further
use of this method. Alway and his associates (27) and Fraps (309)
recognized that a large number of past determinations of ‘“humus’ were
unreliable and ascribed this to the high ash content. Peter and Av-
ritt (815) suggested that 10 per cent be subtracted from the determina-
tion to allow for the error involved. However, this also was shown to
be unreliable and inaccurate (1077).

Springer carried out the determination of ‘“humus’ as follows: A
5- to 50-gm. portion of' soil, according to the ‘‘humus’ content, was
treated first with 100-200 cc. of 1 per cent HCI solution, followed by
warming, decanting, and washing. The soil was then shaken for at

TABLE 5
Influence of concentration of ammonia upon the removal of ‘‘humus’ from soil (1282)
Per cent of ‘“humus’’ in soil

AMMONIA CONCENTRATION
2 per cent 4 per cent 7 per cent 8 per cent
NATURE OF SOIL Method of extraction
(3;33' Huston %223- Huston %’;ﬁ' %;23' Huston | Huston
Peat soil.................. 9.61 | 15.74| 15.03| 20.72| 19.81( 21.80| 15.73| 21.61
Black soil................. 3.99 6.95 3.05| 7.20| ....
Clayloam................ 1.81 4 28| 2.44| 3.76) 2.14| 4.25| 1.88| 4.26

least 2 days with 400 to 900 cc. of a 45 per cent ammonium hydroxide
solution. The extract was placed in tall graduate cylindersand allowed
to remain undisturbed for several weeks, until the clay settles. An
aliquot portion of the supernatant liquid was then removed and shaken
with a little ammonium carbonate solution. After coagulation, part of
the liquid was evaporated, dried at 105°C., weighed, ashed, and weighed
again.

In spite of the numerous criticisms directed against this method of
humus determination in soil and in spite of the limited information
concerning the nature of the humus complex thus determined, thousands
of determinations were made throughout the world (1051, 703). How-
ever, sooner or later, this method was found to give results highly dis-
appointing, and it was finally dropped from the official methods of the
American Association of Agricultural Chemists.
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Precipitation of humus extracts with acids. Another procedure for
the determination of the alkali-soluble portion of the organic matter
of the soil involves extraction with a dilute solution of sodium or potas-
sium hydroxide and subsequent precipitation of the filtered alkali extract
with an acid. This method has been used since the time of Sprengel,
and the precipitate thus obtained was referred to either as ‘‘humus”
or ‘“humic acid,” as pointed out previously. If a sufficient excess of
acid is employed for precipitation, the mineral substances, largely the
aluminum silicates which are also partly soluble in alkali solutions and
are precipitated on neutralization with an acid, will be redissolved
(1222), thus giving a ‘“‘humus’ preparation containing a low amount of
ash. This method can be conducted as follows: A 50-gm. portion of
mineral soil is treated with two consecutive 100-cc. portions of 2.5 per
cent sodium hydroxide solution, heated in an autoclave, at 15 lbs.
pressure, for 30 minutes or left standing in the cold for 48 hours, with
frequent shaking. After each extraction, the liquid is removed by -fil-
tration through paper, and the residual soil is thoroughly washed with
some fresh alkali solution and finally with water. The filtrates and
washings are combined and treated with a 10 per cent warm hydro-
chloric acid solution until a precipitate is formed; half as much more
of the acid solution than was required to bring about the precipitation
is then added. The precipitate is filtered through dried and weighed
filter paper and washed several times with 2 per cent HCI solution and
with water until free from acid. The paper containing the precipitate
is dried at about 70°C. and weighed, and the contents are analyzed for
total ash and nitrogen. The preparation thus obtained contains only
about 1 to 2 per cent ash and about 3 per cent nitrogen. It was sug-
gested that this preparation, which might be called ‘“humus’’ or ‘“humic
acid,”’ should be designated as the a-fractzon of the soil humus.

When the filtrate from the o-fraction is carefully treated with an
alkali solution, another precipitate is formed. An excess of alkali
should be avoided, and the reaction adjusted to about pH 4.8. This
precipitate is filtered off, washed with water, dried, weighed, and ana-
lyzed for ash, total carbon, and total nitrogen; it was designated as the
B-fractton of humus (‘‘neutralization’ fraction of Hobson and Page)
and consists largely of aluminum hydroxide combined with about 10
to 30 per cent organic matter. Appreciable amounts of humus con-
stituents will be found in this fraction when mineral soils and especially
the B-horizon of the podsol soil profile are treated. The influence of
organic manures and inorganic fertilizers upon the content of humus in
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soil, as measured by the «- and B-fractions and by their nitrogen con-
tent, is shown in table 6. This method as well cannot be recommended
as a routine procedure for quantitative determination of soil humus.
Although it has been found that distinct differences in the yield of these
fractions are obtained from different soils or even from the same soil
but differently treated, the two fractions represent only a part of the
soil humus; the data obtained throw little light upon the origin of the
humus and its réle in soil processes [see (799)].

TABLE 6
Infiuence of manurial soil treatment upon its ‘“‘humus’ content (1222)
On basis of 100 gm. of dry soil*

£ s &
= a-FRACTION B-FRACTION o<
) =N
& r . @ %
g g g |8 |&%
TREATMENT OF SOIL FOR A PERIOD OF 20 YBARS P 8 ‘3 © = (=]
g5 5 g | = 5 B
= | % gu | = 23 2o | 857
Es | 3 |£28| 5 | 88| 58 |EE8
Z S z > S Z =
cz;e‘nrt mgm. | mgm. | mgm. | mgm. | mgm. mgm.
Stable manure......................... 0.134| 766 | 26.0(1,894| 598 | 22.9| 36.1
Untreated............................. 0.074| 248 | 8.2[1,468( 478 | 16.2| 19.4
NaNOQO; and minerals................... 0.097| 438 | 15.6(1,688| 526 | 17.5| 31.8
(NH)2804. oo oo 0.095| 434 | 14.2(1,833( 585 | 18.2| 33.4
Stable manure, nitrate and minerals. . .|0.132| 792 | 21.8(1,831| 579 | 19.0| 37.8
Lime and manure...................... 0.128| 674 | 23.0|1,702| 556 | 19.8| 41.8
Lime alone............................ 0.080| 293 | 9.9|1,863| 554 | 14.6( 31.6
Lime, (NH,),SO,4 and minerals.........|0.078| 456 | 14.0|1,785( 539 | 18.0( 37.8
Lime and minerals..................... 0.082| 281 9.6(1,812| 548 | 15.1| 24 .4

* 5 per cent NaOH solution used for extraction.
t The ash content of this fraction was only 1.3 per cent.

According to Page (48), hot alkali solutions extract about 70 per cent
of the organic matter of the soil in 5 hours, as measured by the amount
of total carbon in the extracts; cold alkali solutions remove only about
one half as much of the carbon. The nature of the alkali and the length
of the extraction period are of great importance in this connection, as
shown in figure 1. In accordance with Oden’s nomenclature, Page sug-
gested that the organic matter of the soil insoluble in cold alkali solution
consists largely of ‘“humin’’; on treatment with a hot alkali solution,
the ‘“humin’’ undergoes hydration and is changed to ‘‘humic acid.”
The fact that the subsoil contains a type of humus which is more
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readily soluble in cold alkali than is the organic matter of the surface
soil led to the conclusion that the organic matter in the subsoil was not
formed in situ as a result of decomposition but had been washed down
from the surface soil.

Simon (1034-5) employed neutral salt solutions, especially sodium
fluoride or sodium oxalate, for the extraction of the ‘“humus’ fraction
from the soil. A given quantity of soil is treated with 10 volumes of a
1 per cent salt solution; the extract is filtered and the filtrate concen-
trated by evaporation; the ‘“humus’ is then precipitated with hydro-
chloric acid, removed by filtration, washed, and dried. This procedure
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Fig. 1. Extraction of soil humus with sodium carbonate and sodium hydroxide
solutions, for different periods of time (Hobson and Page).

as well, whatever its value for preparing a certain dark colored fraction
of the soil organic matter, has nothing to recommend itself for quantita-
tive determinations of the soil humus or of a definite portion of it.
Colorimetric procedure for ‘“‘humus’ determination. In view of the
fact that the dark color of humus has been taken as its most character-
istic property, it is quite natural that colorimetric tests should have
been suggested. Beam (76) was the first to employ such a method for
humus determination; a dilute sodium carbonate solution was used for
preparing the extract but it was not stated whether the extract was left
overnight to settle or was centrifuged ; the two procedures do not always

give the same results.
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Alway (27) reported that, in the case of surface soils of the same
locality, the intensity of color of the ammoniacal extract is in close
agreement with the amount of ‘“humus’’ present, as determined by other
procedures. However, on comparing humid and semi-arid subsoils,
a marked difference was found in color intensity, although in both
instances the same amount of “humus’’ was found, as determined gravi-
metrically. Blacher and Douglas (120) extracted various peats with
2 per cent NaOH solution and compared the color of the extract with
that of a standard solution; the results obtained were found to be far
from satisfactory.

Melin and Oden (699) defined ‘humus’’ as the dark brown to black
substance of unknown constitution which originates through the decom-
position of organic residues in nature or in the laboratory through the
action- of acids and alkalies upon sugars. Assuming that humus is
characterized by the dark pigment and assuming further that alkalies
extract these ‘‘humified’”’ substances from soils and peats, Melin and
Oden felt justified in using the color intensity of the alkali extract as a
proper index of the ‘“‘humified’’ portion of the organic matter.

Oden (781) has further shown that the course of light absorption
by various ‘‘humus’ preparations and by Merck’s ‘“humic acid” is a
uniform one, within the limits of colorimetry, in spite of slight differences
in the color nuance; therefore, it appeared possible to compare the color
of various ‘“humus’ preparations with one another. With the advance
in the decomposition of the organic matter an increase in the color in-
tensity was recorded. Oden designated the colorimetric values obtained
for peat as the ‘‘humification values,”” whereby the term ‘‘humification”
was applied to the process of transformation of the plant residues into
the dark colored ‘“humus.” Stadnikoff and Mehl (1088) also obtained
satisfactory results by using the colorimetric method for determining
“‘the degree of peat formation.”’

The question of a standard for color comparison has attracted con-
siderable attention. In many cases (76, 27), especially for determining
the ‘“‘humus” content of mineral soils, satisfactory results were obtained
from the use of a soil with a known humus content, as determined by
Grandeau’s method. For the determination of the degree of ‘“humifica-
tion’’ of peat, the ‘“acidum humicum’’ of Merck was frequently employed
(119, 781); this is prepared by extracting highmoor peat with sodium
hydroxide solution and precipitating the extract with acid. This prepa-
ration, however, contains, not only ‘“humic acids,”” but also pentosan
and other hemicelluloses. Stadnikoff and Mehl used as a standard a
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moist paste of ‘“humic acid’’ prepared from peat. Joseph (514) treated
a soil with dilute hydrochloric acid to remove the bases, washed it free
from acid, and extracted it for 24 hours in the cold with 50 cc. of 4 per
cent NaOH solution. The suspension was centrifuged, and the color
of the solution was compared with that of a solution of a known ‘“‘“humus”
preparation. In some cases, the alkali extract was filtered through a
membrane filter, before the color comparison was made (455).

Standard preparations were shown (252), however, to present certain
disadvantages, because the humus found in different soils varies in color
as a result of differences in chemical composition. The color intensity
of equal quantities of water-free and ash-free humus preparations in the
form of Cassel brown, “acidum humicum,”’ and ‘“hymatomelanic acid,”
all dissolved in a 5 per cent NaOH solution, gave (1080) respective
ratios of 7.5:5.0:4.3. The color intensity of alkali solutions of ‘“humus’’
weakens on standing, even within a few hours. Springer found that a
concentrated solution of iron chloride was preferable and could be used
conveniently for this purpose. The rapidity of change in color of the
alkali solution depends upon the concentration of the alkali and the
length of action (118). Omne-tenth per cent ‘“‘acidum humicum’’ in a
0.4 per cent ammoniacal solution lost 15 per cent of the color intensity
in 24 hours and 20 per cent in 48 hours; the same amount of the ‘“humus”’
preparation in 2 per cent NaOH solution lost 18 and 26 per cent of its
color intensity in 24 and 48 hours, respectively. Higher alkali concen-
trations brought about an even greater reduction in color intensity,
because the more concentrated solutions exert a destructive, as well
as a coagulating, effect upon the dark colored organic substances.

For carrying out the determination of ‘‘humus’’ by the colorimetric
procedure, Springer recommended the treatment of 1 to 20 gm. of soil,
or 0.5 to 1 gm. of peat, with 100—200 cc. of 5 per cent HCI solution for
30 minutes at 50°C., after which the material is filtered and the residue
is washed. This is followed by extraction with 100 cc. of 5 per cent
sodium carbonate solution, at 100°C., for 30 minutes; the suspension is
cooled, placed in a 250-cc. graduated cylinder, and made up to volume;
after this has stood for 1 to 2 days, an aliquot portion is carefully
removed, diluted, and immediately compared with the color standard.
An iron chloride solution equivalent in color to 100 mgm. ‘‘acidum
humicum’’ free from water and ash was used as a standard (1036).

The colorimetric method for determining the ‘“humus’ content in
soil and peat met with considerable criticism. Blacher (118, 119),
who was one of the first to use this procedure, as well as Gorbenko (352),
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stated emphatically that, although it can give useful information because
of its rapidity, the results must be applied with great care, because of
the chemical instability of the humus bodies. Gortner (354) called
attention to the fact that the soil pigment does not necessarily represent
the same substance as the soil organic matter; a number of factors were
found to influence the color of the solution containing a given amount
of “humus,’”’ namely, the amount of the black pigment, the amount of
the red-brown coloring materials found in the plant residues, the amount
and nature of the vegetable indicators, and the proportion of colorless
compounds. Soils containing the same amount of humus may vary
as much as 500 per cent by the colorimetric procedure (26).

Page (48) determined the ratio between the tint of color and the
carbon content of the extract prepared by treating the soil for 5 hours
with a hot alkali solution. The results were found to vary between
different soils, between soils and subsoils, and between soils differently
treated. The conclusion was reached that the organic matter of surface
soils is more deeply colored than that of subsoils; the organic matter
of soils receiving applications of manure is more deeply colored than
that of soils receiving no manure at all or receiving artificial fertilizers;
the organic matter of mineral soils is less colored than that of peat.
However, for want of another method, they recommended that this
procedure be used for determining the degree of ‘“humification’’ of the
soil organic matter. '

Shorey (1014) severely criticized this method, 1. because it is impos-
sible to prepare a color standard which represents a definite quantity
of organic matter; 2. because there are present in the soil colorless organic
compounds that do not yield colored solutions with an alkali; 3. because
the “humus’ extract represents only a part, and usually an unknown
part, of the total organic matter of the soil, making the method inappli-
cable for measuring the total soil organic matter; 4. because the color
of the extracts varies with the nature of the soil; different soils cannot,
therefore, be compared by means of this method, since they give different
shades of color. To these criticisms, it might be further added that the
humus complexes vary considerably in chemical composition, especially
when those of inorganic soils are compared with those of peat and com-
posts. These facts indicate that the colorimetric method is at best very
limited in application.

Ozidation of humus extracts. When soil or peat is treated with an
alkali solution and the extract precipitated with acid, the resulting pre-
cipitate, by whatever name it may be designated, contains only a part
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of the humus made soluble by the alkali treatment. The amount of
organic matter calculated from oxidation of the whole extract is much
greater than that contained in the precipitate. Borntraeger (130) pro-
posed treatment of the alkali extract with calcium hypochlorite solution
or Javelle water; however, no sharp end point was obtained by this
method. Aschmann and Faber (55) extracted the soil with 5 per cent
sodium hydroxide solution on a water bath, then diluted the extract
with water and titrated it with &/100 KMnO, solution, until no dis-
coloration took place on prolonged boiling. The brown precipitate was
brought into solution with an excess of oxalic acid and again titrated
with N/100 KMnO,. The “humus’ content of the soil was calculated
by comparing the titration value with that of an alkali solution of
0.25 gm. ‘“‘acidum humicum’ in 1 liter of solution. The end point,
however, was found to depend on the concentration of the permanganate
and the length of time of boiling (1078).

Fallot (283) modified this procedure as follows: A 5-gm. portion of
soil was first treated with 10 per cent nitric acid solution to remove
the bases; the residue was filtered, washed, and extracted with 100 cc.
of 10 per cent KOH solution, for 1 hour, at 100°C.; the solution was
cooled, made up to 250 cc., and filtered. An aliquot portion of the
extract was then diluted to 100 cc. with water and heated to boiling;
KMnO, solution (10 cc. of N/10) was added, boiled for 10 minutes and
acidified with H,SO,; a measured excess of N/5 oxalic acid was now
added and the excess titrated back with /10 KMnO,. One cubic
centimeter of the KMnO, solution is equal to 8 mgm. of oxygen or
6 mgm. of ‘“humic matter.”” Similar methods were proposed by
Springer (1078) and by Kreulen (590) although the method of calcula-
tion was somewhat different.

Vincent (1211) divided the alkali-soluble organic matter of the soil,
which was spoken of as ‘‘total humic matter,”’ into ‘“humus’’ or the frac-
tion precipitated by acid, and ‘‘soluble humic matter’’ comprising those
organic substances which remained in solution. The ‘“humic’’ fractions
were oxidized with N/10 KMnO, solution, and the amount of the
latter required was used as a basis for expressing the concentration of
these fractions. A 4 per cent NaOH solution was found to extract in
the cold less “humus’’ than did ammonium hydroxide, as shown by the
two corresponding ratios (‘humus’ extract: N/10 KMnO, solution)
of 2.03 and 1.65. These results prove that the nature of the alkali
used for the extraction of the ‘“humus’ influences the amount of per-
manganate required for oxidation. The oxidation per cubic centimeter
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of permanganate was found to vary with different soils, the oxidation
of the ‘‘total humic matter,” ‘“humus,” and ‘“soluble humic matter’”
fractions for three different soils being 1.55, 0.97, 2.19 mgm. for one soil,
1.36, 0.95, 3.58 for another, and 1.62, 0.97, 1.10 for a third soil.

Carbon and nitrogen content of humus extracts. In some instances
the alkali extract of soil has been analyzed for total carbon (353),
total nitrogen (500), methoxyl groups (706), or amino nitrogen (37,
227, 576, 1119). Marked differences were obtained when the carbon
content of the ammonium hydroxide extract of soil was compared with
the weight of the residue left on evaporation of the same extract; a lower
yield was found in the residue. This was explained by a loss of easily
oxidizable carbonaceous materials during evaporation of the extract
on a steam bath (34).

The carbon-nitrogen ratio of the ‘“humus’ in the alkali extract was
found (1274) to be the same as in the soil itself. By extracting a soil
with 3 per cent sodium hydroxide solution for 3 hours, 30.5 per cent of
the humus was removed; after 88 hours’ extraction, 56.8 per cent of the
humus was dissolved or dispersed. A comparison of the amount of
“humus”’ found in soil with the crop yield from the same soil, using a
series of differently treated plots, showed that the total soil humus,
estimated by multiplying the carbon content by the factor 1.724, is a
more reliable index of soil fertility than is the ‘“‘humus fraction’’ deter-
mined by alkali extraction.

EXTRACTION OF HUMUS WITH PYRIDINE

Piettre (826, 829) suggested that the ‘“free humus’ of the soil be
determined by treating 20-30 gm. of soil with pyridine diluted with an
equal volume of water. The extract was removed and the solvent care-
fully distilled off; the concentrated residue was transferred to a tared
dish, evaporated on a water bath, and dried 12 hours at 105-110°C. To
determine the ‘“‘combined humus,’’ the residue from the first extraction
was treated for several hours with 5-10 per cent hydrochloric acid,
filtered, washed, and again extracted with pyridine. The powdered
pyridine extract was now washed with a 1:1 mixture of ether and ethyl
alcohol, whereby fatty acids and resins were removed. 'The pyridine
reagent was found to dissolve 10-25 per cent of the humus contained
in a rich virgin soil and 40-55 per cent in a fatigued coffee soil.

This method as well has several distinct disadvantages: (a) “humic
substances’ absorb the reagent which then cannot be removed easily
on drying at 105-110°, as a result of which too high yields may be



78 DEVELOPMENT OF KNOWLEDGE OF HUMUS

obtained (64); (b) pyridine dissolves only a part of the humus; the so-
called “humins’ are left behind and the remaining soil organic matter
still gives brown colored extracts with sodium hydroxide solution (1077).

DETERMINATION OF HUMUS BY DIRECT OXIDATION

Ozidation with potassium permanganate. This method is based upon
the degree of oxidation of humus, when treated directly with a standard
potassium permanganate solution; the amount of reagent consumed in
the process of oxidation is used as a measure of the humus content (681,
479). A given quantity of soil (0.25-0.50 gm. in the case of a soil with
a low organic matter content and 0.1-0.2 gm. of soil with a high organic
matter content) is treated with an excess of 0.1 N or 0.2 V permanganate
solution, in order to bring about complete oxidation; an equal amount
of water and 24 ce. of 1:5 sulfuric acid solution are then added. The
contents of the flask are boiled for 40-50 minutes, the solution is decolor-
ized by the addition of standard oxalic acid, and the excess of the latter
is titrated back with the standard permanganate. If v is the number
of cubic centimeters of the permanganate solution consumed and m its
concentration, the ‘“‘humus’’ content of the soil taken for the analysis
can be expressed as,

v
11 X m X 100 X 0.471 gm.

The ‘“humus’ concentration can be calculated by multiplying the
number of cubic centimeters of V/5 permanganate solution consumed
by the factor 0.0010362.

In order to avoid the errors that this method involves, it was sug-
gested (480) that the procedure be standardized: high concentrations
of permanganate and sulfuric acid were to be avoided so as to prevent
losses of oxygen into the atmosphere; excessive quantities of soil were
not to be used; to make certain that the precipitated manganic oxide
was redissolved, the solutions were to be boiled with oxalic acid; an
excess of water was to be added and boiling continued for about 1% hours.
Further modifications were introduced later (909, 367).

Both the original method and its modifications (1064), however,
give variable results. This is primarily because the humus of the soil
is not completely oxidized. Furthermore, neither the humus itself nor
a definite fraction of it is measured as such, since the determination is
based on the amount of oxygen consumed in the oxidation process.
Moreover, the evidence is indirect and, in view of the fact that the
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chemical nature of the humus varies in different soils, the results also
vary. Largely because of these limitations, this procedure has yielded
results which are either lower than the organic matter content of the soil,
as calculated from total organic carbon, or sometimes even higher (342).

Ozidation with silver chromate. 'The use of silver chromate for the
oxidation of humus has also been proposed (1038). A small quantity
of soil is treated with 25-30 cc. concentrated sulfuric acid and 8-10 gm.
silver chromate. The container is placed on a water bath and heated
for 4 minutes, and the CO, liberated is measured. The results obtained
by this method were found to agree well with those of the combustion
method (13) and were even higher than the results obtained by the
chromic acid procedure. Balks (64) used 50 cc. of 72 per cent sulfuric
acid and came to similar conclusions (345). Mercury chromate does
not give as good results as the silver salt.

By oxidizing the soil with potassium chromate, in the presence of
concentrated sulfuric acid, and calculating the humus from the amount
of oxygen consumed, results have been obtained which were used for
the rapid estimation of humus, as shown in the appendix.

Ozxzidation with hydrogen peroxide. Konig (567) was the first to demon-
strate that on continued treatment of soil with concentrated hydrogen
peroxide solution, a certain amount of the humus is oxidized. It was
suggested that the amount of CO; produced as a result of this reaction
could serve to distinguish the amount of ‘‘easily decomposable humus,”’
from the ‘‘difficultly decomposable humus,’’ which is not readily oxidized
by hydrogen peroxide. However, carbon dioxide is not always the sole
product of oxidation, since Ko6nig himself found acetic and formic acids
in solution. Certain aliphatic di-carboxy acids, especially oxalic and
succinic, as well as aromatic poly-carboxy acids, may also be formed
during this reaction (1272).

Robinson and Jones (902, 903) treated composts and soils with 6 per
cent hydrogen peroxide solution, at boiling temperature, and measured
the amount of organic matter destroyed; they suggested that by means
of this procedure one is able to distinguish the “humified’”’ from the
“non-humified’’ portion of the organic matter. They believed that the
amorphous, structureless, decomposed (‘‘humified’’) organic matter is
brought into solution by this treatment, while the structural material
is not attacked. By using this method as a measure of the ‘‘degree of
humification” of the organic matter, they were able to show that the
“highest degree of humification’ has been attained in peats and uncul-
tivated soils, which are kept under anaerobic conditions. The fact that
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the residue left after prolonged treatment with the hydrogen peroxide
solution no longer gave any brown color upon addition of hot sodium
hydroxide solution was considered as proof that the ‘“humus’’ of the soil
was destroyed by the former reagent. Jones (512) used this method
for determining the degree of decomposition of farmyard manure. The
term ‘“humification’ was applied to those processes which are involved
in the transformation of the organic matter in plant and animal residues
into structureless material; some distinction was implied between this
process and ‘“‘humification’’ of organic matter in the soil. In the absence
of litter, about one-half of the organic matter in stable manure was
found to be in a ‘“humified’’ state at the very beginning of the process
of composting. The ‘humification value’’ of the manures examined
varied from 35.0 to 75.0 per cent. It was further suggested that the
determination of the ‘‘degree of humification’ be utilized as a criterion
of the physical condition of farmyard manure.

Springer (1077) preferred to use Koénig’s original procedure, in order
to avoid the action of hydrogen peroxide at boiling temperature. About
10 gm. of soil were placed in a flask, moistened with water, and 2-ce.
portions of 30 per cent hydrogen peroxide solution added daily. The
measured amount of CO; liberated was multiplied by 0.471 to give the
amount of ‘“‘easily decomposable humus’’ in soil. It was believed that
only the ‘“humified” organic matter was thus determined, whereas on
heating the extract the ‘“‘non-humified’’ substances were also oxidized.

Waksman and Stevens (1241) found that although with the advance
of decomposition there is a marked increase in the amount of material
oxidized by hot 6 per cent hydrogen peroxide solution, undecomposed
plant residues also show a considerable degree of oxidation under these
conditions. This was in line with the results of Koénig (571) who demon-
strated that lignin can be removed from wood by oxidation with H,O.;
the water-soluble substances, certain hemicelluloses, and a definite
amount of the lignin are oxidized by this reagent. To -classify as
“humified’”’ materials such substances as the products of decomposition,
including the synthesized microbial cell substance, was to overlook
completely the nature of the decomposition processes in soils and in
composts. The action of hydrogen peroxide upon undecomposed plant
materials was thus shown to be far from negligible, especially in the
presence of soil; this action varies with the nature of the material (882).
The destruction of the organic matter in soil by means of H:O. was
found to be (463) a function of the H-ion concentration of the soil, as
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tically all of the organic constituents will be brought into solution,
forming acetylated and methylated products; however, the dark colored
complexes which are produced in the process of decomposition of plant
residues, namely the ‘“humus’’ of soils and composts, are not attacked
by this reagent. KXarrer, therefore, proposed the use of this method
for the separation of the undecomposed plant residues from the ‘‘humi-
fied”’ substances. Groszkopf (371) found that Cassel brown, after the
removal of the bitumen, was not acted upon by acetyl bromide, while
a “hymatomelanic acid’’ preparation was dissolved ; hence, he concluded

TABLE 7

The yield of “humified’’ material, as determined by different procedures (1078)
Per cent of total organic matter (C X 1.724)

SOIL TYPE

Dolo- Alpine High-
Clay |Sandy[Sandy| Clay | mitic | Peat | pas- moor
loam | loam | soil soil |sandy| soil ture peat
loam soil
Carbon content
0.50 1.10 2.8 3.31 7.83 8.59 8.69 51.2
Acetyl bromide................... 57 | 55 | 53 | 50 65 | 50 | 60 .e
Sodium hypochlorite.............. 93 | 81 92 | 84 | 97 | 80 72 | 77
Hydrogen peroxide................ 418 50 63 54 66 .. 15 25
Grandeau method.... .. e 40 58 | 39 36 51 47 | 54 ..
Pyridine extraction............... 47 | 47 | 44 56 | 46 66 | 47 | 45
Extraction with 5 per cent NaOH
and oxidizing. .................. 64 | 67 | 71 67 7 | 71 59 | 83
Extraction with 5 per cent Na;CO3;
and oxidizing. .................. 45 | 43 | 47 | 43 51 55 | 41 59
Colorimetric estimation of the 5
per cent Na.CO; extract........ 13 21 25 18 35 | 32 53 51

that the latter is lignin-like in nature. This alone would be sufficient
grounds on which to question the value of acetyl bromide as a reagent
for distinguishing two groups of constituents of humus, one consisting
primarily of residual undecomposed plant constituents and the other of
modified and synthesized complexes.

Springer (1078) spoke of that part of the humus insoluble in acetyl
bromide as ‘“pure humus.” The material is first extracted with ether
and alcohol and then dried at 105°C. An aliquot portion of the residue
is treated with 50 cec. acetyl bromide in Soxhlets, at 40-50°C., for 3
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days with frequent shaking; the filtered residue is dried at 90° for 30
minutes, washed with ether, dried at 105° to constant weight, weighed,
ignited, and weighed again. The difference between the last two
weights is a measure of the ‘“‘pure humus.” In the case of mineral
soils, the total carbon of the organic matter left after the treatment is
determined and multiplied by 1.72. The ‘“humus’ soluble in ammo-
nium hydroxide was found to have no quantitative relation to the
“pure humus.” When a soil was extracted with 5 per cent NaOH
solution, and the extract oxidized with permanganate, higher values
were obtained than those found by the acetyl bromide method; this
was believed to be due to the fact that the NaOH also extracts certain
plant constituents (table 7). The ratio between the carbon of ‘“pure
humus’” and of the total humus was designated as the ‘‘degree of
decomposition.”” Springer later distinguished two types of organic
compounds insoluble in acetyl bromide: (a) ‘“Cassel brown’’ type
of material found in acid soils or in neutral and slightly alkaline
soils, where there is little decomposition (‘humification’’), giving brown-
colored alkaline extracts; (b) ‘“Chernozem’” or ‘black earth’ type,
a humo-silicate complex, found in soils characterized by ‘“‘strong humifi-
cation,” giving gray or black alkaline extracts (1080).

HYDROLYSIS OF HUMUS BY CONCENTRATED MINERAL ACIDS

It has been definitely established that when plant residues undergo
decomposition in soils or composts, the carbohydrates disappear rapidly,
while other constituents, especially the lignins and the proteins tend
to accumulate, as will be shown in detail later. In view of the fact
that carbohydrates give reducing sugars on hydrolysis with acids (72
per cent sulfuric acid for cellulose, and weaker acids for other carbo-
hydrates), Keppeler (637) proposed that the degree of decomposition
of peat be measured by determining the amounts of hydrolyzable and
non-hydrolyzable portions. He proposed a definite formula for making
such calculations. This procedure is commendable since it is based
on the actual processes of transformation of the plant constituents.
However, it can be applied only to materials which have originated
from specific plants of known composition, as in the case of highmoor
peats; further, insufficient consideration is given to the synthetic proc-
esses of microorganisms, which may become very prominent under
aerobic conditions of decomposition. More detailed reference will be
made to this method in the subsequent discussion of the chemistry
of peat.
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OTHER METHODS FOR DETERMINING THE ‘‘HUMIFIED’’ PORTION OF HUMUS

A number of other methods have been suggested at various times for
the purpose of distinguishing the ‘“humified’”’ from the ‘“‘unhumified”
portions of organic matter in plant residues which have undergone
decomposition in soils, peats, and composts. Several of these methods
are mentioned here:

1. The liberation of iodine from iodates, in the presence of potassium
iodide. Baumann and Gully (75) suggested the use of a solution of
2 gm. of potassium iodide and 0.1 gm. potassium iodate in 100 cc.
water; a given amount of soil or peat is added and shaken for 15 min-
utes. The solution is then filtered and the filtrate added to 100 cc. of
dilute starch solution. The intensity of the blue coloration, due to the
liberation of the iodine by the free ‘“humic acid,”’” was taken as a meas-
ure of the concentration of the latter.

2. The color of an aqueous solution of lithium humate formed by
the action of a portion of the humus upon lithium phosphate. Lithium
humate was found to go into solution, the phosphoric acid being lib-
erated (17).

3. Borntraeger and later Tacke suggested the treatment of peat with
freshly precipitated CaCO; in a stream of hydrogen gas, at ordinary
temperature; the CO; liberated was absorbed in a standard alkali solu-
tion (130, 1114, 1123).

4. The titration of a hot alcoholic extract of humus with alcoholic
potassium hydroxide solution (946).

These and other methods were based upon the determination of only
certain fractions of the humus complex, because of their specific reac-
tivity with various reagents. The results obtained by the use of these
methods contributed little information concerning the chemical nature
of the humus as a whole and frequently even of the particular fraction
measured. The most important of all the methods was the simplest,
namely, the determination of the total humus. By measuring the
amount of organic carbon and multiplying by a factor (1.724), a fair
estimation of the amount of humus is obtained (87, 648). However,
where it becomes necessary to determine the extent of decomposition
of plant residues, as in composts and peats, certain other procedures
can be readily utilized. The most logical of these is that of Keppeler
or one of its modifications (p. 83).

The chemzical nature of the ‘“humified’”’ portion tn the humus of sotils,
peats, and composts. In order to demonstrate the complete lack of
justification for overemphasizing a specific group of humus constituents,
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to be designated as ‘“‘humified’’ organic matter, ‘“pure humus,” or
“humic acid,” the following experiments are cited (1235). Lowmoor
peat and a straw compost, prepared by allowing cereal straw to decom-
pose under favorable conditions and in the presence of available nitro-
gen, for 12 months, were used as sources of humus. These two ma-
terials were extracted in the cold, for several days, with 4 per cent
NaOH solution; the extract was removed by filtration through paper.
The residue was treated again with fresh 4 per cent NaOH solution,
at 120°C., for several hours; the second extract was filtered hot
through paper. The extracts were acidified with hydrochloric acid,
and the precipitates filtered, washed with water, and dried; the hot
extract was boiled for a few minutes after acidification. The residues
left after the hot alkali extraction were neutralized with dilute acetic
acid, washed with water and alcohol, and dried. The two filtrates
left, after the acid precipitates were removed, were combined and
analyzed for total nitrogen, ammonia nitrogen, and reducing sub-
stances.

The peat and the straw compost were thus divided, by treatment with
alkali solutions, into four groups of complexes: 1 and 2. the acid
precipitates of the cold and hot extracts, equivalent to preparations
of the classical ‘“‘humic acid’’; 3. the residue left after the hot alkali
extraction, equivalent to the ‘“humins’’ and ‘“‘ulmins’; 4. complexes
dissolved by the alkalies but not precipitated by the acid, more or less
equivalent to ‘‘crenic acid’”’ and Oden’s ‘“fulvic acid.” A chemical
analysis of the first three groups of complexes, as compared with that
of the original materials, is given in table 8.

The original peat contained 54.14 per cent carbon and 3.55 per cent
nitrogen. Nearly two-thirds of its chemical constituents comprised
lignin-like complexes and proteins; the remaining third included cellu-
lose, hemicelluloses consisting largely of pentosans and uronic acid
complexes, mineral substances, and a small admixture of a variety of
organic compounds. The two acid precipitates of the alkali extracts
varied considerably in composition; the cold precipitate contained
about as much carbon and nitrogen as the original peat, whereas the
hot precipitate was richer in carbon and poorer in nitrogen. This is
a result of the relative increase in the concentration of lignin-like com-
plexes, caused by the greater hydrolysis of the protein by the hot
alkali and acid treatments. Both preparations were low in ash and
high in alcohol-soluble substances or the ‘“hymatomelanic acid’ frac-
tion, which is probably formed from lignins and lignin derivatives as
a result of the alkali treatment.
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Similar and even more striking results were obtained on analysis
of the “humic acid” fractions from the straw compost. These results
emphasize the fact that the composition of ‘‘humic acid’’ preparations
is not constant, but is determined by a number of factors, which can
be briefly summarized as follows: 1. the nature of the plant residues
from which they were derived, 2. the processes of decomposition
brought about by microorganisms, 3. the degree of their decomposition,

TABLE 8

Chemaical composition of lowmoor peat and composted straw and of the ‘‘humus’
Jractions isolated from these (1236)

Per cent of dry material

LOWMOOR PEAT COMPOSTED STRAW
ERES TEEEEES
5% | &% | 2= 58 | &% | 2=
2~ €3~ | B | = |43~ |43~ 38
CHEMICAL CONSTITUENTS £ E:’;E £ o 248 B 5 co | § —:.-."E’. a2
3 3oz | 823 | 8% < 8og | §9a | 8%
& |F8g |g8e| &2 g8 |3532 |53 | B8
= 2%9H | E98 R = MR8 | SR8 oQ
g ReB | FL2 | B8 g FLED ([ F2E | S8
B |=5S(3EE| B8 | B |2EE|2EE| §%
8 |3 i o~ s |38 I =
Total carbon.............. 54.14| 52.73| 54 .36| 47.95! 48.98| 58.18| 63.98{ 43.00
Total nitrogen............ 3.55| 3.26| 1.79| 2.21; 2.48| 2.68| 1.39| 0.34
Ether-soluble fraction..... 0.12| 0.26f 0.39| 2.68, 0.92f 5.42| 1.50| 1.12
Alcohol-soluble fraction...| 0.99| 14.06| 21.92| 3.59| 2.87| 12.66| 18.19| 0.81
Hot water soluble organic
matter.................. 2.26)] 8.86| 3.29] 4.47| 5.16/ 1.96/ 1.06] 1.04
Total hemicelluloses .. .... 8.84! 1.05| 4.54] 4.46( 14.49| 0.74] 1.00| 12.02
Pentosan.................. 502 ....| ....| 4.30| 15.16| ....| ....| 12.88
Cellulose..................| 1.73] O 0 2.36] 14.38] O 0 54 .68
Lignins and lignin-like
complexes............... 43.18| 48.95| 52.55| 47.65| 25.62| 56.41| 62.57| 14.13
Protein................... 19.31| 19.75| 10.94| 11.81} 12.75| 16.69| 8.62| 1.40
Ash. ... .. ... .. 12.80| 2.90| 1.90| 14.40( 17.70 0.50| 0.90| 2.00

4. the nature of the alkali used for their extraction, 5. the concentra-
tion of the alkali used, as well as the temperature and length of time of
extraction, 6. the nature of the acid used for precipitation and the
temperature at which precipitation takes place.

The foregoing conclusions also apply to the ‘“humin’ fractions.
These were found to contain smaller amounts of carbon and nitrogen
than the original materials, since a large proportion of the lignin-like
complexes and proteins was removed by the alkali treatments. They
were characterized by a lower hemicellulose and a higher cellulose
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content, because the former are soluble in alkalies and the latter are
not. An analysis of the filtrates brought out the fact that, because
of hydrolysis of the organic nitrogenous compounds, about half of the
nitrogen dissolved by the alkali treatments was not recovered in the
acid precipitates. From 18 to 40 per cent of the nitrogen in the cold
filtrate was present in the form of ammonia, because of the high amide
content of the humus proteins. Both filtrates were rich in sugars,
since a large part of the hemicelluloses in the humus was brought into
solution by the alkali treatments and was subsequently hydrolyzed
by the acid.

The literature on humus contains statements that ‘humins’ are
highly resistant to decomposition. The aforementioned preparations
were added to soil and the rate of their decomposition was measured
by the evolution of carbon dioxide and the accumulation of nitrate.
The results obtained pointed to a complete lack of justification of the
assumption. The ‘humin’ preparations of both the peat and the
compost decomposed readily, even more so than the ‘‘humic acid”
preparations. The ‘“humin’’ residues were rich in cellulose, especially
in the case of the compost, and low in nitrogenous compounds; hence
considerable evolution of CO: took place, not accompanied by the
liberation of nitrogen; considerable consumption of this element in an
available form by the microorganisms took place in the case of the
compost preparation. These results tend to explain the findings of
Hilgard (441) that “unhumified’”’ organic matter does not nitrify.
The terms ‘“humified” and ‘“‘unhumified’’ have been applied to phenom-
ena which were not fully understood, and the explanation offered, as
is frequently the case, was not the correct one.

Summary. Practically all the methods suggested at various times
for determining the amounts of ‘“humus’’ or of the ‘“humified’’ portions
of the organic matter in soils, peats, and composts are unsuitable for
this purpose, primarily because they were developed with little or no
regard to the processes that take place when fresh organic matter under-
goes decomposition.

Failure to characterize the numerous interrelated processes would
make practically valueless almost any definition of the ‘‘humified”
part of plant and animal residues undergoing decomposition. One
could conceive of such a complex only as long as the belief prevailed
that decomposition is relatively simple in nature and gives rise to a
specific group of dark colored substances. Now that the complexity
of the process is established and the instability of humus recognized,
the justification for applying the terms ‘“humification” and ‘“humified”
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to decomposed organic matter may be questioned; these terms fail to
convey any idea of the exact nature of the reactions involved or of the
chemical nature of the humus produced.

Among the 'numerous gravimetric, volumetric, and colorimetric
methods (944) proposed at different times for measuring the ‘“humified’’
part of organic matter undergoing decomposition, the following have
received favorable consideration: 1. the method of extraction with
ammonium hydroxide solution (matiére noire of Grandeau); 2. the
extraction of humus with sodium hydroxide solution, then precipita-
tion of the ‘““humic acid’”’ with a mineral acid; 3. the extraction of humus
with sodium hydroxide solution and the determination of the depth
of color of the solution by a comparison with a certain standard, or
oxidation of the organic matter in the extract by means of a suitable
reagent; 4. oxidation of humus with a dilute solution of H,0O,, or of
H20, and ammonium hydroxide solution, with potassium perman-
ganate solution, or with some other oxidizing agent; 5. treatment of
humus in soils, peats, and composts with acetyl bromide. In most
instances, these methods for the determination of the ‘“humified’’ por-
tion of the organic matter in soils, peats, and composts accounted for
only a fraction which was indefinite in composition, in origin, and in
relation to the humus as a whole.

One is justified in speaking of humus only in regard to the sum total
of the organic matter in soils, peats, or composts. A study of the na-
ture of this humus involves an investigation of the chemical nature of
the plant and animal residues from which it originated, of the chemical
processes of decomposition involved in its formation, of the nature and
activities of the microorganisms bringing about the decomposition, as
well as of the environmental conditions under which the decomposition
took place.

Humus is not an intermediate product of decomposition, as was
suggested by some agronomists and chemists, who believed that plant
residues are first changed to “humus,”’ this in turn being further broken
down into its elementary constituents; ‘“humus nitrogen’ was sup-
. posed to be the most readily available form of nitrogen in the soil.
These ideas were totally unjustified and were not borne out by studies
of the processes of decomposition of organic matter in soils, peats, and
composts. Neither is humus a final product of decomposition, as was
believed by some chemists, who attempted to establish the chemical
nature of this final product by its extraction with alkalies and precipi-
tation with acids.
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CHAPTER V

ORIGIN OF HUMUS

“L’acid fumique ne dérive pas de la matiére animale, mais d’une réaction
de la matiére animale sur le ligneux ou sur les parties extractibles de la
paille, des feutlles ou de la sciure de bois. . . . Les éléments complémentaires
se brilent ou s’ évaporent.”’—THENARD.

The existing confusion concerning the chemical nature of humus is
due largely to an insufficient understanding of its origin. With the
advance of our knowledge of the chemical composition of plant ma-
terials, with a better understanding of the réle of microorganisms in
their decomposition, and with a greater appreciation of the complexity
of humus substances, there has also been rapid progress in the develop-
ment of a more sound theory accounting for its formation in soil, peat,
and composts. The fact began to be recognized (5686) that, instead of
confining all attention to humus which has already been formed, it
would be more logical to begin with fresh plant residues and follow the
course of change which takes place during the process of their trans-
formation into humus. It was found that the humus thus produced
is not a chemical individual but a mixture of substances varying under
different conditions of formation, depending on such factors as the
nature of the vegetation, nature and intensity of its decomposition,
climatic conditions, and physico-mechanical and chemical soil prop-
erties.

The first prerequisite to a knowledge of the origin and chemical na~-
ture of humus is an understanding of the chemical composition of the
plants which largely contribute to its formation. Further, considera-
tion of the digestive processes brought about in the animal system and
of the chemical composition of animal residues, especially of stable
manures and other waste products, as well as consideration of the
physiological activities of microorganisms and the composition of the
microbial cells, would also reveal facts which would contribute to a
better understanding of the chemistry of humus.

CHEMICAL COMPOSITION OF PLANTS

Plants synthesize numerous chemical compounds, most of which
play limited roéles as sources of material for humus formation. Plant
91
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residues are returned to the soil in the form of roots, stubble, green
manures, stable manures, and composts, in cultivated field and garden
soils; as leaves, pollen, twigs, and roots, in forest soils; and in the
form of the whole plant or its major parts, as well as various plant
products, in peats. These plant products are, for the most part, cell
wall constituents. Of these, cellulose (a condensation product of glu-
cose) is the most important representative. Next to cellulose come the
hemicelluloses which are polymers of various sugars (hexoses and
pentoses) and of sugars with uronic acids; here belong also the pectic
substances which are made up of condensation products of galactose,
galacturonic acid, and pentose; some of the hemicelluloses are present
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Fic. 2. Influence of age upon the chemical composition of rye plants (Waks-
man and Tenney).

in the cell wall in the form of salts of Ca, K, Mg, and Fe. The primary
cell wall, which is made up of cellulose and hemicellulose, becomes
incorporated with lignin, in the case of lignified tissues, or with cutin,
in the case of cuticularized tissues; the lignins have a ring structure,
while the cutins consist of oxidized and condensed fatty acids. On
the other hand, the protoplasm of the plant consists chiefly of proteins
and their derivatives together with sugars, starches, and other com-
pounds in smaller concentrations (fig. 2).

It is not necessary to make a complete chemical analysis of the plant
residues in order to follow the decomposition processes which lead to
the formation of humus. A knowledge of their proximate composi-
tion, especially of the major constituents, is sufficient. The composi-
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tion of a series of typical plant materials is shown in table 9. Informa-
tion concerning these constituents is sufficient in the case of most of
the plants, which may become sources of humus. In some instances,
however, more complete data are needed concerning certain specific
substances. This is the case of sphagnum plants, marine algae, pollen,
and other plant products, which contain a considerable concentration
of uronic acid complexes and other substances not adequately consid-
ered among the constituents listed in table 9.

The chemical structure of the various important components of the
cell wall and their constituent groups is indicated in chart 1. The
nature of the combination existing between these complexes in the
plant has aroused considerable discussion. This is especially true of

TABLE 9
Comparative chemical composition of varitous plant materials (1223)
Per cent of dry material

OLD
cmatoss, conemrumTs SO |, | Lok, [smans| pi, |ereamss
Ether and alcohol soluble frac-
tlons. ... e 5.99 5.33 6.44 | 10.41 | 23.92 5.45
Cold and hot water soluble frac-
tions. ... 14.14 6.26 | 13.93 | 17.24 7.29 3.18
Hemicelluloses................... 17.63 | 21.10 | 12.93 8.52(18.98 | 11.16
Cellulose............ ... 20.67 | 38.62 | 13.78 | 26.71 | 16.43 | 37.62
Lignins.......................... 11.28 | 14.63 | 30.30 | 10.78 | 22.68 | 28.21
Protein.......................... 1.98 0.81 4.25 8.13 2.19 | 0.66
Ash. . ... 7.53 5.09 5.09 | 10.30 2.51 0.76

the possible combination between cellulose and lignin in the cell wall
of the plant; this is claimed, by some, to be physical and, by others,
chemical in nature.

Mature plant residues, which are composed largely of cell wall sub-
stances, consist principally of the following chemical compounds:

per cent

Cellulose......... ... .. 20-50
Hemicelluloses (pentosans, hexosans, and poly-

uronides). ... ... 10-28
Lignins. ... .o 10-30
Tannins, coloring substances, cutins, suberins,

fats, waxes........ ... ... .. ... 1-8
Proteins { 1 (wood, straw, roots) to

....................................... 15 (leguminous plants)
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CurarT 1. Chemical structure of the major complexes of the cell wall and their constit-
uent groups.
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CH
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Alkali lignin from straw Lignin formula, according to
(Beckmann et al.) Powell and Whittaker
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Freudenberg’s formula for lignin

VARIOUS FORMULAE FOR LIGNIN AND LIGNIN CONSTITUENTS

Cellulose. It is commonly agreed that true cellulose is of the same
chemical nature whatever its origin. The cellulose micelle is believed
to consist of 5,000 to 10,000 glucose molecules. Various theories have
been suggested concerning their arrangement in the cellulose complex.

The rapidity of the decomposition of cellulose in soils, peats, and
composts depends upon: 1. the substances with which it is associated
in the plant, especially the lignins, the hemicelluloses including the
pectins, or the cutins; 2. the nature of the microorganisms active in
the decomposition processes; 3. the presence of available nitrogen and
minerals; and 4. the environmental conditions, such as reaction, mois-
ture, and aeration. It is frequently assumed that in the decomposition
of cellulose by microorganisms, sugars are at first formed; however,
to demonstrate the formation of sugar in soils or in composts is rather
difficult, because of their rapid decomposition by a number of soil
microorganisms. It has, therefore, been suggested that the decom-
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position of cellulose does not go through the sugar stage. In a number
of experiments, however, sugar formation has been demonstrated.
Various slimy substances are also produced; these are largely products
synthesized by microbial activities. A definite relation has been es-
tablished (435, 1230) between the decomposition of cellulose and the
synthesis of cell substance by microorganisms. This phenomenon can
best be measured by the transformation of the inorganic nitrogen pres-
ent in the medium into organic forms through the agency of micro-
organisms.

Hemicelluloses were formerly considered to be condensation products
of sugars only. More recently, however, it was demonstrated (784a,
777a, 774, 954) that they usually contain also uronic acid complexes.
This led to the suggestion (406) that hemicelluloses be classified into
two groups, the true saccharides and the polyuronides. However,
many hemicellulose preparations give mixtures of sugars and uronic
acids on hydrolysis. O’Dwyer (784a) isolated two hemicelluloses from
beech wood, one (A) of which contained 11 per cent glucuronic acid and
the other (B) contained 63 per cent galacturonic acid. Hemicelluloses
may thus consist of hexoses, pentoses, and uronic acids, in various
proportions, ranging from xylan, or wood gum, almost a pure pentosan,
to alginic acid, an abundant constituent of algae, nearly a pure poly-
uronide (polymannuronic acid). A definite relation has been estab-
lished (777a) between the hemicelluloses and the cell wall substance.

Since the hemicelluloses are not uniform in chemical composition,
they show great differences in decomposability by microorganisms in
nature. They are attacked by a great variety of bacteria, aerobic and
anaerobic, fungi, actinomyces, protozoa, and other lower invertebrates;
some of the bacteria are highly specific, being able to decompose only
one type of hemicellulose, as in the case of bacteria attacking certain
capsular carbohydrates.

The cellulose and hemicelluloses are the major energy sources for
the most active groups of microorganisms in soils, peats, and composts;
under favorable conditions they tend to disappear rapidly. However,
some of the hemicelluloses of plant origin, as well as some synthesized
by microorganisms, are highly resistant to rapid decomposition and
frequently play an important part in the formation of humus. Some
investigators actually claimed that the composition of humus is similar
to that of polyuronide; hence the latter were believed to be the true
sources of humus (53).
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Proteins. A knowledge of the chemical composition of the plant
and microbial proteins is highly essential for an understanding of the
decomposition of plant residues and of the formation of the nitrogenous
constituents of humus; both plant and microbial proteins take an ac-
tive part. Unfortunately, the available information concerning the
proteins of bacteria, fungi, protozoa, and other invertebrates is still
very limited.

The plant proteins comprise: (a) albumins, or water-soluble and
heat-coagulable proteins; (b) globulins, insoluble in water but soluble
in salt solutions; (¢) prolamins, insoluble in water and in salt solutions,
but soluble in 70-90 per cent alecohol and in acids and alkalies; (d)
glutelins, insoluble in water, salt solutions, and alcohol, but soluble in
dilute alkalies and acids. The nitrogen content of most of the proteins
ranges from 15 to 19 per cent, although the glutelins may contain as
little as 13—14 per cent nitrogen. Proteins also contain 0.5-1.0 per
cent sulfur and frequently some phosphorus.

A high nitrogen content is characteristic of the protein molecule;
usually the protein content of a material is calculated from the amount
of total organic nitrogen, using the arbitrary factor 6.25. Most of the
nitrogen present in humus is believed to be in the form of true protein,
with a different distribution of the amino acids, however, than in the
plant and animal proteins. When proteins are introduced into the
soil or compost, they are attacked by a great number of microorganisms
and their enzymes, and changed to peptides, amino acids, and finally
ammonia. The last is either oxidized in the soil to nitrate, or is as-
similated by microorganisms in the presence of available energy and
changed into microbial protein. The protein in the humus is partly
of plant origin and partly of microbial origin, depending on the extent
of decomposition of the plant residues. The protein content of plant
residues is between 2.0 and 15 per cent; however, the protein content
of humus is between 8 and 35 per cent, with the exception of highmoor
peats, which shows that a considerable enrichment of the residual
organic matter in protein substances takes place as a result of the
decomposition processes.

Lignins. Lignins are cell wall constituents which, unlike the car-
bohydrates, cannot be readily hydrolyzed to simple compounds; they
are recognized by various color reactions, by their insolubility in con-
centrated mineral acids in the cold and their solubility in alkali solu-
tions under pressure, by the readiness with which they are oxidized, by
a characteristic chemical structure (benzol ring, methoxyl, hydroxyl,
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and carboxyl groups, high carbon content of 62 per cent or more), and by
their relative resistance to decomposition by most microorganisms.
Ligning in different plants and frequently in the different tissues of the
same plant vary in composition, as shown by a varying methoxyl con-
tent and solubility in organic solvents. As many as seven different
types of lignin were shown to be present in straw (810). Lignins are
absent in filamentous algae and present only to the extent of 3—7 per
cent in mosses, 10—18 per cent in cereal straw, and 20-30 per cent in wood
(323). The lignin content of the plant increases with the maturity
of the plant; at the same time, there is also an increase in the methoxyl
content of the lignin (78).

Several methods are commonly used for the preparation of lignin;
these yield substances which are designated as 1. acid lignin, 2. alkali
lignin, 3. phenol lignin, etc. Lignin thus prepared is usually different
from the original or genuine lignin in the plant itself. The various
lignin preparations vary in chemical nature not only from one another
but also from the genuine lignin. Uronic acids are found (793) in
lignified cell walls, which led to the conclusion that lignification is re-
lated to uronic acid formation; they are usually absent in isolated lignin.
Klason (550), however, found that hemicellulose does not form any
compound with lignin, since on hydrolysis with acid, the former is
removed while the latter is not affected.

Numerous formulae have been suggested to explain the chemical
structure of lignin, as shown in chart 1. According to Klason, genuine
lignin consists of a-lignin [(C10H1204)¢] and B-lignin [C;0H1204- (CeHO4 -
COCHj3):]. Freudenberg (319) assumed that lignin has a chain struc-
ture, resembling, at the end of the chain, a coniferyl alcohol or its hy-
drate. It is very reactive and can polymerize; this takes place by
condensation in the wood after the cells are dead or during the process
of its isolation by chemical means. Powell and Whittaker (847a) con-
cluded that the lignin molecule contains four methoxyl groups and five
hydroxyl groups capable of acetylation, only three of the latter being
phenolic in character.

The methoxyl group (OCH3) is characteristic of the lignin molecule.
The concentration of methoxyl in the lignin depends upon the method
of its preparation. In the case of acid lignin of higher plants, it usually
varies from 14.1 to 16.3 per cent (1237). The methoxyl content of lig-
nin in lower plants, such-as mosses or algae, is very low. The fate of
lignin in the decomposition of plant residues has frequently been meas-
ured by the changes in methoxyl content (566, 62). When lignin is
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treated with an alkali solution and exposed to the air for some time,
it is gradually oxidized and transformed to a dark colored substance
gimilar in its properties to the typical ‘“humic acids’ (292, 450).

It has been claimed that when cellulose is heated in aqueous or alkali
solutions, under pressure, substances resembling lignin are obtained
(405). However, these complexes were found (939) to be quite differ-
ent from genuine lignin, as shown by the difference in the transforma-
tion products. Actually, this newly coined term ‘synthetic lignin”’
designates the same group of complexes as does the more venerable
term ‘‘artificial humic acid.”

Among the plant constituents, lignin is more resistant to decomposi-
tion by microorganisms. However, although the lignins in the natural
plant materials still undergo a certain amount of decomposition, iso-
lated lignin is either not attacked at all or only to a very limited extent
(1242, 132, 636). Whether this is due to a change in the physical or
chemical condition of the lignin molecule still remains to be determined.
Those isolated cases where a certain amount of prepared lignin was
decomposed by fungi and bacteria (851, 821) were not fully confirmed.
Certain specific fungi are capable of decomposing lignin in the plant,
as in the case of wood-destroying fungi (279), the edible mushroom
Agaricus campestris (1233), species of Coprinus (1224), and others.

Cutins comprise the epidermal layer or skin of the outer cell wall,
which is impermeable to water. Cutins are resistant to hydrolysis with
70 per cent sulfuric acid and are relatively insoluble in fat solvents.
They are known to be a mixture of fatty acids which have undergone
oxidation and condensation with other substances, such as cellulose.
Suberins or corky substances include complexes similar to those found
in cutins.

Fats, wares, and resins. Plant residues contain varying amounts of
fats, fatty oils, and waxes, the last being esters of alcohols with fatty
acids; glycerol is not found in waxes. These complexes are usually ex-
tracted from plant materials by ether, benzol aleohol, and other solvents.
They are characterized by a high carbon content (74-82 per cent C)-
and are differentiated by their saponification number, acid value, iodine
number, etc. Some are more readily attacked by microorganisms than
others. Resins are plant secretions related to the waxes, but they con-
tain less hydrogen and are predominantly cyclic and aromatic in char-
acter.

Other plant constituents. Here belong a number of complexes which
occur in most plant residues in lower concentrations than the previ-
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ously mentioned substances. Among these we find glucosides, tannins,
alkaloids, pigments, and a number of other organic and inorganic ma-
terials. They occur in the majority of plant residues to only a limited
extent, although at times they may give characteristic properties to
certain forms of humus. The mineral constituents of plants include
compounds of phosphorus, potassium, calcium, magnesium, and iron,
which are highly essential for the nutrition of the microorganisms ac-
tive in humus formation; compounds of silicon, sodium, and chlorine
are of less importance. During decomposition of the plant residues
by microorganisms, there is an increase in the relative content of the
mineral constituents, some of which enter into chemical combination
with the humus complex.

Different plants vary considerably in chemical composition; even the
same plant changes considerably with age, as shown in figure 2. These
differences are influenced by a number of growth and variety factors.
It is the composition of the materials which exerts a controlling influ-
ence upon the rate and natuyre of the decomposition of the plant and
upon the amount and nature of the humus formed.

DECOMPOSITION OF PLANT RESIDUES AND FORMATION OF HUMUS

Earlier conceptions. With the advance of our knowledge of the chem-
ical nature of plant residues which undergo decomposition in soils,
bogs, and composts, and with a better understanding of the réle of
microorganisms in the decomposition processes, it became recognized
that numerous reactions are involved. While de Saussure considered
all plant substances as sources of humus, which becomes blackened in
contact with moist air, and Braconnot (146) believed that ulmin is
formed from wood stems lying in moist places, Sprengel (1074) empha-
sized that the nature of the plant materials influenced the rapidity of
the process of humus formation: residues rich in nitrogen change rapidly
into humus, while those rich in fibrous and waxy complexes are trans-
formed into humus more slowly. Mulder (734) also recognized the
complexity of the processes of transformation of the various organic
constituents in the decomposition of plant residues: cellulose was be-
lieved to be dehydrated and changed into humus; sugar transformed to
lactic and butyric acids; protein changed into humus, amino acids, and
aliphatic acids; and fats and waxes to CO; and H,O.

In the late eighties of the last century evidence began to accumulate
that microorganisms play an essential part in humus formation. ¥os-
tytchev found (580) that the process of formation of humus from
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starch and sugar can serve as direct sources of ‘“humus.” He stated
that this process might take place indirectly, through the bodies of the
microorganisms, since a small part of the cellulose is changed to micro-
bial cell substance; the protoplasm of the fungi and bacteria was con-
sidered as a possible source of humus. From this point of view, all
organic substances, which can serve as nutrients for microorganisms,
may be considered as indirect sources of humus. Trussov also demon-
strated that proteins, lignins, tannins, and pigments play an important
role in the formation of the dark colored substances; he believed that
the phenol-containing substances are oxidized by specific enzymes into
brown to black compounds, which are soluble in alkalies and precipi-
tated by acids, and show characteristics similar to the ‘“humic acids.”
In view of the facts that phenolic compounds are formed during de-
composition of proteins and that oxidizing enzymes are widely distrib-
uted, the origin of the bulk of the dark colored substances, during
the decomposition of plant and animal residues, was explained by this
process. Fats and waxes did not change into humus, but, because of
their slow decomposition, they were believed to become a part of it.
The role of lignins, or complexes which are now recognized to be
lignins, in the process of humus formation in nature, was suggested by
a number of early workers. Definite evidence bearing upon this point
was submitted by Hoppe-Seyler (459), by Hébert (211), by Slezkin
(1045), and by Wehmer (1261), as will be shown later (p. 109). Trussov
(1185) demonstrated definitely that lignin occurs among the products
of the decomposition of plant residues which give a brown color in
alkali solution and are precipitated by hydrochloric acid. He further
suggested that the transformation of lignin into humus consists in the
oxidation of those constituents which contain a quinone or polyphenol
group, giving condensation products of the nature of oxyquinone.
Recent theories concerning the origin of humus. With the advance in
our knowledge of the réle of microorganisms in decomposition processes
and a better understanding of the chemical nature of plant and animal
residues, the various hypotheses explaining the processes of humus
formation became more concrete. Numerous theories have been pro-
posed during the last two or three decades in an attempt to explain the
mechanism of the formation of the dark colored substances which make
up humus. Some of these explained the formation of humus by purely
chemical interaction or modification of certain organic compounds
which either existed in the plant residues or were formed from some of
the constituents of the latter. If the réle of microorganisms in these
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processes was recognized at all, it was only to ascribe to them a part
in the formation of those compounds which react to form humus. Ac-
cording to others, the formation of humus from plant residues is a re-
sult of the direct or indirect action of microorganisms; the function of
the latter was believed to consist both in the decomposition of those
organic constituents of the plant material which do not take a direct
part in the formation of humus, and in synthesizing new organic com-
plexes.

The purely chemical conceptions of humus formation can be traced
back to the earlier ideas concerning the formation of artificial “humic
acids’’ by the interaction of carbohydrates with acids. Some believed
that humus is formed by the polymerization of furfural; the latter is
commonly produced when carbohydrates, especially pentosans and
uronic acid complexes, are treated with hot acids; when furfural or
oxy-methyl furfural reacts with hot hydrochloric acid, it is converted
into a black insoluble mass, frequently referred to as ‘“humin.” Beck-
ley (80) suggested that the action of mineral acids on carbohydrates
results in the formation of hydroxymethyl furfural, which, on condensa-
tion, gives rise to ‘“humus.”” Aldoses and hexosans, such as starch,
were found to give smaller amounts of furfural, as well as of ‘“humus,’’
than did ketoses. The detection of this furfural in rotting straw and
in soil was believed to be sufficient evidence for justifying the fore-
going theory. However, this compound was not formed during the
decomposition of cellulose by pure cultures of bacteria. The prob-
ability of this type of process taking place in soils, in peat bogs, and in
composts is invalidated by the lack of concentrated mineral acids under
natural conditions; the low decomposition temperatures usually pre-
vailing in soils and in peat bogs make it further doubtful whether one
is justified in ascribing any significance to this process in the formation
of humus in nature.

The second purely chemical theory, which need be mentioned here,
is somewhat more plausible than the first, namely, the formation of
humus by the condensation of carbohydrates with amino acids or with
polypeptides. It was becoming more definitely recognized that nitro-
gen is an essential part of humus. André (37, 39) found that this
nitrogen is fixed so energetically to the carbon of the humus that when
it is boiled with a solution of NaOH or KOH, only a part of it is lib-
erated as ammonia; only prolonged treatment will remove more of this
nitrogen. He thus confirmed the earlier observations of Eggertz (253).
The function of ammonia in the formation of humus as a result of the
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decomposition of stable manures was suggested by Thénard (1149)
in 1861 and later by Hébert (408) and Dehérain (211). The process
was believed to consist either in the action of ammonia upon lignin-
like substances or in its transformation into microbial cell substance.
Maillard (664) claimed that microorganisms are of minor importance
in the formation of humus in nature. Their sole function in this process
was believed to consist in the hydrolysis of proteins to polypeptides
and of amino acids and of complex carbohydrates to sugars. The
actual formation of humus was considered to be an automatic reaction
between these products, in which the microorganisms play no part.
The artificial humic substances, which were obtained by the condensa-
tion of sugars with amino acids, seemed to be identical with the nat-
ural products in chemical composition, especially nitrogen content,
and in resistance to decomposition.

A third theory explained the formation of humus by the oxidation
of benzene-ring compounds. Hoppe-Seyler (459) and Reinitzer (874)
demonstrated that dark colored substances are formed on boiling
phenols and quinones with alkalies. According to Eller (264), the oxi-
dation of phenol, quinone, and hydroquinone in an alkaline solution
results in the formation of compounds similar, not only in composition
(58.05 per cent carbon), but also in the various physical and chemical
reactions, to the natural complexes present in humus and usually
described as ‘‘humic acids’” (p. 52). This conception found further
justification in the fact that certain microorganisms produce dark col-
ored substances. Beijerinck (84) demonstrated that Act. chromogenus
is capable of producing quinone; he believed that this function enables
the organisms to play an important réle in the ‘“humification’’ process.
Muschel (742) found that the black coloration produced by Baec.
mesentericus niger was due to compounds of the benzene ring series,
closely related to o- and p-di-hydroxy-benzene; these apparently give
condensation products with amino acids. Similar results were obtained
by Perrier (814), who found that when salts of benzoic and salicylic
acids and phenol are attacked by fungi and bacteria (Bact. pyocyaneum)
under aerobic conditions a characteristic dark colored substance is
formed. Perrier concluded that the dark colored substances of ‘‘hu-
mus’’ are produced by oxidation, at alkaline reactions, of cyclic com-
pounds present in animal excreta and in vegetable substances, after
they have been decomposed. These reactions of microorganisms are,
however, a part of the natural processes of transformation of organic
matter and have little in common with the purely chemical theory of
Eller.
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More recently, the réle of lignins and lignin-like materials in the for-
mation of humus has been receiving considerable attention. As far
back as the middle of last century, Lesquereux (632) expressed the idea
that lignous substances are largely responsible for peat formation. In
1879, Fremy (317) also spoke of lignin as the mother substance of
humus compounds in soils and in composts. The work of Hébert and
Dehérain and of Hoppe-Seyler, discussed in detail elsewhere, pointed
to the important function of lignin in humus formation. It remained
for the investigators of the chemistry and origin of coal (294) to obtain
further evidence pointing to the important relationship between humus
and lignin (p. 54).

Finally, a purely microbiological theory has been proposed (1220,
1223) in which even greater importance is attached to the activities
of microorganisms in the formation of humus, as agents both of decom-
position and of synthesis. It was found that in the decomposition of
plant and animal residues, the carbohydrates tend to disappear rapidly
and the lignins accumulate. The former serve as sources of energy
for the microorganisms bringing about the decomposition, with the
result that considerable cell substance, consisting largely of proteins
and certain hemicelluloses is synthesized; these compounds, together
with the modified lignins of the plant residues, form the bulk of the
constituents of humus. According to this theory, the carbohydrates,
proteins, and lignins are associated with the formation of humus, di-
rectly or indirectly. The transformation of the celluloses and lignins,
the two major constituents of plant residues which contribute to the
non-nitrogenous part of the humus, and the microbial synthesis of
nitrogenous substances, the major source of protein in the humus, as
well as the relation between the proteins, hemicelluloses, and modified
lignins in the humus complex require further consideration.

Carbohydrates as mother substances of humus. Although considerable
evidence was accumulating that the processes of humus formation in
nature are highly complicated and involve numerous transformations
and the activities of a great variety of microorganisms, the general
conception prevailed among botanists and chemists that cellulose and
other carbohydrates form the sole sources of humus, as expressed by
Detmer (219) and Czapek (199). Several recent investigators also
emphasized the part played by cellulose in the formation of humus.
The method of approach was invariably chemical in nature. If the
microorganisms were considered at all, they were believed to act as
catalytic agents.
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According to Chardet (175), cellulose is decomposed by bacteria,
under aerobic conditions, into dextrins and sugars, and these are later
transformed into fatty acids and COs; under anaerobic conditions,
however, as in the case of peat bogs, oxidation processes are excluded
and dark colored substances are produced by a process of condensation.
The reactions involved in this process were outlined as follows:

Cellulose

l

l gums, dextrinﬂ

sugars

!

ILevulinic, lactic, and butyric acids, furfural derivativeﬂ

“humic acids’’
v N\
Coal CO,

Marcusson (674) suggested that, in the degradation of plant residues,
the carbohydrates are first converted into furfural; this compound
eventually gives rise to benzoid groupings through the formation of a
para-di-furfuran ring. This conception was based upon the idea that
cellulose is changed into products having a furan structure upon hy-
drolysis by acids. The ‘“humic acid’’ was believed to originate from
these groups by a process of polymerization.

Burian (162) believed that he demonstrated the presence of furan
and furol derivatives in the distillates of ‘‘artificial’”’ and ‘‘natural
humic acids’’ obtained from cellulose and from Cassel brown respectively.
Eller (264), however, denied that the two preparations were similar.
Schmidt (952) has also shown, by the formation of maleic acid from
the action of ClO; on the humus preparations, that a marked difference
exists between the dark colored substances obtained from furfural
and those from peat.

Bergius (94) considered that both cellulose and lignin act as mother
substances of the humus in peat and coal, undergoing the transforma-
tion under proper conditions of temperature and pressure. Cellulose
was believed to lose water and to result in a product considerably richer
in carbon (a conception prevalent in the 19th century):

4(CeH1005). = 2(Ci2H,1005). + 10 HO
cellulose humus

44.6% C 62.69, C
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This process takes place at comparatively high temperatures (250°C.),
yielding a preparation which is not soluble in alkaline solutions as long
as oxygen is not admitted. Upon treatment with an alkali, oxygen is
absorbed and the complex becomes brown and completely alkali soluble.
The reaction has been summarized as follows:

4 (CeH1005) 4+ O: = C1oH,005 + CHOs 4+ 11 H,O

One-half of the product is soluble in alcohol and one-half insoluble,
which, interpreted in terms of Oden’s nomenclature, would indicate
that 50 per cent of the material is ‘“humic acid’’ (C,2HzOs) and 50 per
cent “hymatomelanic acid’”’ (C;2H;:00s5). This led Bergius to conclude
that the constituents of natural peat can be prepared in the laboratory
from cellulose alone. He did not consider the importance of lignin in
the formation of the dark colored constituents of humus. The fact
that the non-carbohydrate portion of peat produced from sphagnum
moss contains little or no ‘“true lignin’’ was submitted as further evi-
dence of the non-participation of lignins in peat formation.

The transformation of cellulose by the foregoing reaction of dehydra-
tion and oxidation was considered as the first step in the formation of
peat and coal from plant material. The complete process of coal for-
mation was accomplished in 19 to 42 hours, at 340°C.:

4 (CeH,005) = C20H1602 4+ 10 H:O - 4 CO; 4 2H,

Small quantities of methane and of acetic and formic acids were also
produced but were overlooked. The complex, CyH1c02, formed in
this reaction was found to be a mixture of CzoH200s (a-coal), soluble
to a large extent (up to 70 per cent) in benzol-alcohol and in NaOH
solution, and of CqoH;202 (B-coal), which is insoluble in these reagents.

Lignin was also found to give rise to similar products on heating.
Acid lignin, containing 64.5 per cent carbon, 4.52 per cent hydrogen,
and 31.0 per cent oxygen, was given the constitutional formula of
(Ci1iH100y).. It was suggested that when lignin is transformed into
coal by heat, the following reaction takes place:

CuH,;004 = C,cHsO + CO; + H,O

The elementary composition of lignin from sphagnum moss wasg
considered to be C;;H;50s5; a complex, C;0HzO, obtained from this
lignin was found to be similar to the one formed from wood lignin;
it was also separated into o~ and B-coal.
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Bergius suggested that the following processes are responsible for the
formation of coal from plant residues: The hexoses take up oxygen,
changing to oxy-sugars, products related to glucuronic acid; these oxy-
sugars combine with some unchanged sugar to give glucosides, of the
type CioH20011. The latter, by splitting off CO; and H:0, change
gradually into lignin (C;;H;,0,) and later into coal (C;0HzO). These
reactions, summarized in chart 2, were believed to take place at high
temperatures in the absence of air (‘““exclusion of atmospheric agencies’)
and of bacteria.

The foregoing reactions are purely hypothetical, and it is doubtful
whether they play, or have played, any significant part in the formation
of humus in soils, composts, peats, or coal. When one considers the
fact that it is very seldom that temperatures over 60°C. are attained
under conditions of decomposition in nature, one would be justified in
concluding that the products obtained from cellulose at temperatures
of 200—350°C. are mere laboratory preparations.

The function of cellulose as a direct mother substance of humus,
under natural conditions, seems insignificant when one considers the
work of Hoppe-Seyler and Hébert, carried out more than 40 years ago.
Their ideas were soon confirmed in the following statement of Klason
(784): ‘‘The process whereby dead plants change into the first stage of
peat must consist in the fermentation of the carbohydrates; when this
takes place under water, in the absence of air, the process must stop
here, the active microorganisms being unable to ferment the other
plant constituents; peat actually consists of lignin-like substances of
plants in a more or less unchanged condition.”” Beijerinck (85) also
considered ‘lignose,’”’ as well as souberin and wood pentosan, as the
important plant constituents which contribute to the formation and
accumulation of humus. Ehrenberg (256) doubted the idea that cel-
Iulose is the mother substance of humus, since he could not obtain
any increase in the humus content of the soil in the process of decom-
position of cellulose or its derivatives at normal temperatures.

Dehérain (211) outlined as follows the process of humus formation,
based to a considerable extent upon the investigations of Hébert:
When fresh organic matter is added to the soil, the sugars and dextrins
disappear rapidly and completely; the cellulose and hemicelluloses di-
minish appreciably, whereas the lignin is attacked least; lignin is soluble
in alkalies and thus contributes to the formation of black material or
humus; the nitrogen part of the humus is derived from ammonia which
is assimilated by the microorganisms for the synthesis of microbial
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proteins, the available carbohydrates being used as a source of energy.
Humus was thus considered to represent a mixture of lignins and pro-
teins. 'This clear conception of the problem of humus formation under
natural conditions was far in advance of the prevailing knowledge at
that period and was generally overlooked by subsequent investigators
of the subject.

Lignin as a mother substance of humus. Nearly two decades passed
before the earlier ideas on the réle of lignins in the formation of humus
were given further consideration. Wehmer (1261) reported in 1915
that, in the degradation of wood by various fungi, the ligno-celluloses
are attacked, with the result that the cellulose disappears and the lignin
is converted into humus substances. Wehmer (1262) suggested that,
in the formation of peat and coal, the plant tissues are transformed into

TABLE 10

Changes in the chemical composition of wood as a result of its decomposition (914)
Per cent of dry wood

CHEMICAL CONSTITOENTS cpLp- | TEYTo- [MEmmoxIL At | Trmwso-
Freshwood......................... 58.96 7.16 3.94 10.61 2.64
Partly decomposed wood............ 41.66 6.79 5.16 38.10 3.56
Fully decomposed wood............. 8.47 2.96 7.80 65.31 6.06

humus bodies, chiefly by the action of fungi, as a first step in the reac-
tion; these organisms are unable to decompose the lignins.

Rose and Lisse (914) compared the chemical composition of healthy
and decomposed wood, and found a rapid diminution of the cellulose
and pentosan, accompanied by an increase in the methoxyl content
(methoxyl is used as an index of the lignin content), as well as in the
alkali-soluble material and in the methyl pentosans (table 10). These
experiments were repeated by Marcusson (674), who extracted the ma-
terial first with a 1 per cent alkali solution and determined the lignin
in the residue by the method of Wilstitter. He found that while there
was a marked reduction in the cellulose content of wood as a result of
decomposition, the lignin content remained stationary; the increase in
the alkali-soluble material was believed to substantiate the theory that
cellulose is the mother substance of humus—the dark colored, alkali-
soluble substances. Pure cultures of fungi were also found (151) to
decompose cellulose rapidly; the pentosans were partly attacked and
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partly left undecomposed; and the lignins remained intact or were acted
upon to only a very limited extent.

CHART 2. Mechanism of formation of humus under natural conditions (Fischer).

Plant Substances

Cellulose—Lignin—Waxes and Resins

CH;COOH
CO., CH,, ali- ‘
phatic acids

Methoxyl-containing
< . « 2.9y
humic acids

Y
CH;OH Bitumen

Methoxyl-free
“humic acids’’

H.0

Alkalz-
tnsoluble
humus
H,0, CO;, CH, Coal

In the destruction of wood by the shipworm Teredo navalis, the cellu-
lose and hemicelluloses were shown (234) to disappear rapidly but the
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lignin was not attacked. These results were substantiated by Kénig
(665), who demonstrated that, in the digestion of plant tissues by
herbivorous animals, the cellulose is attacked much more rapidly than
the lignins. Fischer and his associates (294) placed cellulose, lignin,
wood, and sphagnum moss in inorganic nutrient solutions; these were
inoculated with a soil suspension and incubated at 37C°. Fungous
development took place in the moss culture, and later in the wood and
in the cellulose, but not in the medium containing lignin. These and
other considerations led Fischer (292) to conclude that lignin is the
mother substance of natural ‘humic acids,” as illustrated in chart 2.

The lignin theory of the origin of humus in peat and in coal has been
substantiated by a number of facts, both chemical and biological,
which can be briefly summarized as follows (the term ‘‘humic acid”
is used here to designate a specific preparation obtained from humus):

1. Decomposing wood and peat increase in lignin content with age.

2. Lignin, as opposed to cellulose, gives rise to aromatic transforma-
tion products; ‘“‘humic acids’ as well are found to contain aromatic
compounds.

3. Both lignin and ‘‘humic acid”’ contain methoxyl groups; the
methoxyl content diminishes with the advance in decomposition.
Cellulose contains no methoxyl groups.

4. Both lignin and ‘‘humic acid’’ are acidic in nature; both are able
to combine with bases and both are characterized by their capacity of
base exchange, to a different quantitative extent, however.

5. Both lignin and ‘‘humic acid’’ are insoluble in cold concentrated
acids, the degree of insolubility increasing with an advance in decom-
position, such as with the age of peat.

6. When lignins are warmed with aqueous alkali solutions, they are
transformed into methoxyl-containing ‘“‘humic acids,”’” but cellulose is
not transformed in this manner. At high temperatures the methoxyl
is split off and changed to methyl alcohol.

7. On oxidation under pressure, lignin gives rise to ‘“humic acids’’
and finally to aromatic carbonic acids (homocyclic ring systems), but
cellulose is changed to other products (1179).

8. Oxidation of brown coal under pressure gives benzol carbonic acid
and not furan carbonic acid.

One may add further:

9. Both lignin and ‘“‘humic acid” are oxidized by mild oxidizing
agents, such as permanganate and H;O..

10. Both lignin and ‘‘humic acid’’ are soluble in alkalies and precipi-
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tated by acids; this relationship is not quantitative, however, and
depends upon the nature of the original material and method of prep-
aration.

11. Both lignin and ‘“humic acid’’ are partly soluble in alcohol and
pyridine, depending also on method of preparation; some lignin and
some humus preparations are completely soluble in alcohol.

12. Both lignin and ‘“humic acid’’ are decomposed with great diffi-
culty or not at all by the great majority of fungi and bacteria.

Since the degree of decomposition of peat increases with age and with
depth of profile, various layers, taken at different depths of two peat
profiles, were analyzed chemically. The results bring out the fact that
with an increase in age of peat there is a decrease in cellulose content

TABLE 11
Chemical composition of peat at different depths (294)
Per cent of dry material

NsoLv- | soru- | Lo

ASH METHOXYL| BLE IN BLE IN N

NATURE OF PEAT DEPTH CON- coN- |concmn-| NaOH | ¥5F
TENT TENT TRATED 8OLY-

HCl TION

meters

0 1.8 0.49 29.5 11 2.0

Highmoor peat...... 0.9 1.7 1.22 58.0 20 4.9
1.8 1.8 1.67 72.5 55 7.7

Increasing depth | 7.1 2.97 74.5 5.3

Lowmoor peat...... Increasing depth | 6.8 2.73 77.5 6.3
Increasing depth | 6.6 1.66 84.5 12.2

and an increase in the methoxyl content, in the alkali-soluble fraction,
and in the acid-insoluble fraction (table 11); one must, of course, take
recognition of the specific nature of the plant material from Whlch the
given layer of peat has been formed.

According to Page (802), the formation of ‘“humic matter’’ bears a
constant relation to the change in the lignin content of the plant ma-
terial undergoing decomposition. He suggested that the ‘‘humifica-
tion value’” of a compost be subtracted from the amount of ‘‘total
lignin’’ to obtain the lignin value.

So many formulae have been proposed to explain the chemistry of
lignin and of ‘“humic acids’’ and so much importance has been attached
to them, that one is surprised to find that they are largely illusory
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Certain experiments (246) can also be cited, which show that during
the decomposition of the cellulose in straw by thermophilic bacteria,
as in the preparation of artificial manure from straw, dark colored
substances are produced. The fact that nitrogen is essential for this
process and that no such substances are formed under anaerobic con-
ditions, points to the probable rdle of aerobic microorganisms in this
process.

The lignin theory also disregards the function of organic nitrogenous
compounds in the formation of humus, especially in soils, in lowmoor
peats, and in composts. The organic nitrogen content of humus may
be as high as 5 per cent, consequently a large part of the humus consti-
tuents comprise nitrogenous compounds. One must conclude, there-
fore, that although there is no doubt that lignin contributes to a very
marked extent to the formation of humus, as will be shown later in
detail, other plant and microbial constituents also play an important
part in this process.

Physical and chemical properties of lignin vary considerably, depend-
ing upon the nature of the material from which it is prepared and upon
the methods used for its preparation. Phenol lignin is readily soluble
in aleohol. Alkali lignin is only partly alcohol soluble and acid lignin
even less so. Alkali and acid lignin can, therefore, be separated into
two groups of complexes on the basis of alcohol solubility. Alkali
lignin also contains a certain amount of hemicellulose, nitrogenous
compounds, and ash, which are extracted from the original straw by the
alkali and precipitated by the acid. As a result of treatment with
ether and hot alcohol, the alkali-soluble lignin also becomes partly
soluble in hot water (962, 1036).

Lignin prepared from straw by alkali extraction was thus found to
contain complexes which are commonly associated with humus; namely,
the alcohol-soluble (equivalent to ‘“hymatomelanic acid’’), the alcohol-~
insoluble (‘“humic acid’), the water-soluble (‘“fulvic acid’’), and the
hemicellulose portions (‘humal acid’’), in addition to nitrogenous ma-
terial and minerals. When one compares in a similar manner the
analyses of a ‘“humic acid’’ preparation obtained from soil by alkali
treatment, the same groups of complexes are found, with certain notable
quantitative exceptions, such as a much larger amount of organic nitro-
gen and a lower ‘“‘hemicellulose’’ content; this is due largely to the fact
that straw is poor in nitrogenous complexes and rich in hemicelluloses,
while the humus of the soil is rich in nitrogenous complexes and poor
in hemicelluloses. Cassel brown was shown to contain about 75 per cent
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of lignin-like complexes; the remaining portion is composed of mineral
substances, nitrogenous compounds, substances soluble in ether and
alcohol, as well as a small amount of carbohydrates (see also 230,
1105, 1137).

The réle of proteins in humus formation. Nitrogen is present in humus
in a complex organic form (protein), but not in a free condition, other-
wise it would be rapidly decomposed by microorganisms in soils and in
composts. These nitrogen complexes are either not readily attacked
by the common bacteria and fungi, which are usually active in the
decomposition of plant and animal residues, or they are closely bound
to a non-nitrogenous complex of a high carbon content, which makes
them more resistant to attack by the majority of microorganisms.
Once the freshly added plant and animal residues have undergone ac-
tive decomposition and have become transformed into humus, the latter
decomposes slowly. If an abundance of nitrogen is present in the resi-
dues, it is liberated as ammonia, while a part of the nitrogen, especially
in the presence of available carbohydrate, is transformed into organic
forms, which are then rendered resistant to further rapid decomposi-
tion by microorganisms.

It is also of interest to emphasize the fact that, in the great majority
of soils, the ratio between the carbon and nitrogen in the humus seems
to be fairly balanced, ranging usually from 12:1 to 8:1; in the case of
composts and lowmoor peats, the tendency is also towards this narrow
ratio; however, in highmoor peats the ratio is much wider. It is not
sufficient to explain these phenomena by the general statement that
nitrogen is present as an impurity of the ‘“humic acids,”” or that it is
due to the absorption of nitrogen by the colloidal ‘‘humic acids,”
followed by its transformation into protein by nitrogen-fixing bac-
teria (1103). According to Dragunow (236), the nitrogenous constit-
uents of ‘“humic acids’’ consist partly of proteins and partly of nitro-
genous compounds closely bound to the ‘“humic acids.”

Detmer, Eller, and Oden succeeded in reducing the nitrogen content
of these ‘“humic acid’’ preparations by repeated treatments with strong
alkali solutions. This does not prove the existence of nitrogen as an
‘“‘impurity,”’ however; it may merely indicate that the nitrogen-contain-
ing fractions of the soil humus can be more readily hydrolyzed by min-
eral acids at high temperatures than the non-nitrogenous fractions.
Berthelot and André (103, 109) and others demonstrated that the or-
ganic matter brought into solution on treatment of soil with alkalies
has a wider ratio of nitrogen to carbon than the organic matter frac-
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tions left in the soil or precipitated by a mineral acid. But this again
is hardly sufficient reason to assume that definite chemical compounds
exist in humus in the form of “humic acids,”” which are free from ni-
trogen, or that the nitrogen is present in the form of extraneous com-
plexes. It has been claimed (114a) that ‘“humic acid’’ preparations
can be freed from nitrogen by means of electroosmosis; these results
need, however, further confirmation.

Microbial cell substance and the formation of humus. The formation
of microbial proteins can illustrate better than any other transformation
the function of microorganisms in the orgin of humus in nature. These
organisms play at least a threefold part in humus formation: 1. the
decomposition of fresh plant and animal residues; 2. the decomposition
of the various constituents of the humus itself; 3. the contribution
of the synthesized microbial cell substance to the humus. The pres-
ence in humus of microbial cells or their disintegration products has
been definitely established. However, the extensive contribution of
this cell substance to certain types of humus, as in composts or in forest
soils, has been but seldom recognized and has received only recently
due consideration.

According to v. Post (857) and Mailler (737), the humus bodies ob-
tained from soil often consist of chitinous remains of insects and animal
excreta. Kostytchev (581) and Ollech (789) suggested that the re-
mains of bacteria and fungi often contribute to humus formation. At-
tention has already been called to the ideas of Hébert and others con-
cerning the important role that the constituents of microbial cells may
play in the formation of humus (1112, 1292).

Shmook (1004-6) advanced the theory that protein was present in
the soil largely in the bodies of bacteria and protozoa. The function
of microbial cell substance as a source of humus has also been demon-
strated by Trussov (1184-5). Schreiner and Shorey (979) suggested
that various chemical substances found to be characteristic constituents
of soil humus may actually be synthesized by microorganisms. This
idea was emphasized by a number of other investigators (85, 1262,
415, 599, 1099). According to Donath and Lissner (231), cellulose
decomposition by bacteria is not a simple process at all, but may be
accompanied by the formation of bacterial products; the pectin-like
slime produced by these organisms was found to play an important
rble in the formation of humus substances (775, 777).

Falck (280-2) differentiated several processes of decomposition of
plant residues in forest soils, leading to the formation of different types
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of humus: (a) The complete destruction of the organic matter by fungi,
whereby the yearly addition of plant residues is just balanced by the
amount of decomposition taking place, without any increase in the total
humus content. This is accompanied by extensive synthesis of fun-
gous protoplasm, which serves as excellent fertilizer for the forest trees.
The cellulose tends to disappear completely, whereas the lignins are
more resistant. In some cases, however, as in the process of corrosion
brought out by Basidiomycetes, the lignins and cellulose alike are com-
pletely decomposed; this process predominates in acid humus soils.
(b) Decomposition of organic matter is begun by fungi and then inter-
rupted by lower invertebrates and bacteria; the fungous mycelium, as
well as the partly decomposed plant residues are devoured by larvae
of various insects and worms, with the result that a dark mass of humus
is produced. This humus is readily attacked by bacteria, in the pres-
ence of bases, the action resulting in the liberation of carbon as CO,
and of nitrogen as ammonia; this process results in the formation of a
mull soil. (¢) The process of formation of a forest humus layer, fre-
quently referred to as ‘‘surface peat,’”’ a process less clearly understood;
Falck explains this process by the absence of abundant fungous de-
velopment. ’

Waksman (1221) called attention to the similarity between the car-
bon-nitrogen ratio in soil humus and in the protoplasm of microorgan-
isms, especially fungi, and suggested that this is due to the fact that
microbial protoplasm makes up a large part of the humus. When
cellulose is added to the soil, it decomposes only in proportion to the
available nitrogen, because of the fact that the fungi and bacteria which
decompose the cellulose in soils and in composts synthesize an amount
of cell substance which is in direct proportion to the quantity of cellulose
decomposed. The ratio between the cellulose decomposed and the
available nitrogen required for synthetic purposes is about 30 to 1;
i.e., for every 30 parts of cellulose consumed by fungi and bacteria,
1 part of nitrogen is changed from an inorganic form into microbial
protoplasm.

In the presence of sufficient nitrogen, the decomposition of cellulose
by pure cultures of aerobic microorganisms takes place very rapidly;
the same is true not only of pure cellulose but also of straw, corn stover,
and other plant residues rich in cellulose and in pentosans and poor in
nitrogen. This phenomenon accounts largely for the injurious effect
of straw on plant growth. Available nitrogen is required by microor-
ganisms because, under acrobic conditions, a considerable part of the






ORIGIN OF HUMUS 119

Numerous other references could be cited in regard to the contri-
bution of microorganisms, through their cell substance as a whole or
through some of the constituents of the latter, to the humus complex.
Alkali-soluble and acid-precipitated complexes, comparable to “humic
acids’’ or a-humus, have been isolated (1067) from the dead bodies of
microorganisms. Some of these synthesized complexes are highly
resistant to decomposition and hence tend to persist in the humus.
Thom and Phillips (1155) have shown that the dark brown masses of
growth produced by fungi contain material of a lignin-like character
whereas colorless or light colored fungi produce little of this material.
Alternaria was found to contain 17.25 per cent and Cladosporium
29.27 per cent of this complex, while the brown Trametes pini and the
black Fomes igniarius were even richer in this type of ‘lignin.”’

The brown-black pigment of the spores of certain fungi, such as
Aspergillus niger, was found (854) to exhibit an acid character. This
was believed to be due to the presence in the molecule of phenolic,
hydroxyl and carboxyl groups. When heated to 150-250°C. it loses
CO; and water and becomes less soluble in alkalies. This suggested
the analogy of the pigment to the humic acid complexes.

Formation of humus. When plant and animal residues are added to
the soil or are placed in composts, under conditions favorable to de-
composition, they are immediately attacked by a large number of
microorganisms, including fungi, bacteria and protozoa, as well as var-
ious other invertebrates. However, the residues do not decompose as a
whole, but the various chemical constituents may be attacked independ-
ently of one another. Some of the microorganisms are able to de-
compose a variety of complexes, whereas others are able to utilize very
few constituents and will frequently act only upon complexes of a
specific chemical structure.

Some of the plant constituents, such as the starches, sugars, proteins,
and amino acids, are rapidly attacked by a great variety of organisms.
The production of intermediary compounds, such as alcohols and or-
ganic acids, takes place largely under anaerobic conditions; under
aerobic conditions, the materials are decomposed chiefly to carbon
dioxide, ammonia (in the case of the nitrogenous substances), and water.
Considerable synthesis of microbial cell substance accompanies these
transformations. Cellulose is attacked by certain specific aerobic and
anaerobic bacteria and by a number of filamentous and mushroom
fungi, actinomyces, and possibly protozoa. The cellulose is decom-
posed quantitatively, without the production of intermediary dark
colored substances, other than those of the synthesized microbial cells.
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Since the hemicelluloses represent a variety of chemically different
substances, it is difficult to make any general statement concerning the
nature of the organisms capable of decomposing them and the rapidity
with which they are decomposed. A greater variety of microorganisms
are capable of utilizing hemicelluloses than cellulose. Certain poly-
saccharides commonly classified with the hemicelluloses, such as various
galactans and uronic acid complexes, are more resistant to decomposi-
tion than is cellulose; these hemicelluloses are especially abundant
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Fic. 4. Lignin and cellulose transformation in the process of decomposition
of plant residues by microorganisms (Fuchs).

among the lower plants, such as mosses and algae. The following
phenomenon is frequently observed during the decomposition of plant
residues by a mixed microbial population. The hemicelluloses as a
group begin to decompose more rapidly than the cellulose, but after
a certain period of time the cellulose completely disappears, while a
Iarge amount of the hemicelluloses still remains in the decomposing
plant residues or in the resulting humus, notwithstanding the fact that
in the original material the cellulose predominated quantitatively over
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the hemicelluloses. An explanation for this is to be found in the fact
that some of the plant hemicelluloses are resistant to decomposition
and that certain hemicellulose-like compounds which were synthesized
by the microorganisms responsible for the decomposition processes per-
sist and can be detected in the humus residue.

Of the various plant constituents, the lignins are most resistant to
decomposition by microorganisms. KXKonig (566) demonstrated that the
decomposition of plant residues in the soil is accompanied by a disap-
pearance of pentosans and an accumulation of lignin, as measured
by the methoxyl content. The resistance of the lignins to decomposi-
tion is particularly evident under anaerobic conditions (1242), when the
activities of practically all fungi and actinomyces are excluded. Under
aerobic conditions, however, the lignins undergo considerable decom-

TABLE 12
Transformation of chemical complexes during the decomposition of rye straw (1242)*
DECOMPOSED
AT BEGINNING | FOR 2 MONTHS
CHEMICAL CONSTITUENTS OF DECOMPO~ UNDER
SITION AREROBIC
CONDITIONS
Total material............... ... ... ... ... L 100.0 58.0
Cellulose.......... ...t 41.5 18.3
Pentosan............. .. .. .. .. . il 26.0 10.3
Lagnin. ..o et 22.5 20.0
Protein....... ... .. i i e 1.2 3.4

* Calculated on the basis of original 100 gm. dry, ash free material.

position, although not to the same extent as the cellulose and hemi-
celluloses; lignins of different plants vary considerably in this respect.
The nature of the organisms capable of bringing about the decomposi-
tion of the lignins, especially in field soils, is still imperfectly understood.

However, even if the lignins are more resistant to decomposition than
the other plant constituents, they are considerably modified during the
process of decomposition, either through chemical agencies (961) or
as a result of specific microbial action (1262, 214), as shown by the fact
that they become much more readily soluble in dilute alkali solutions.
The fact that there are certain modifications in the structure of the
lignin molecule has been considered asevidencefor the prevalent idea that
“humic acids’ are formed from lignin. Lignin of the original plant
substance is only sparingly soluble in cold alkali solutions; high tem-
peratures (150-180°C.) are required to accomplish this. However,
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the modified lignin of the decomposed plant materials is readily soluble
in dilute solutions of NH,OH or NaOH, frequently to the extent of
30 to 75 per cent.

Wehmer has shown that wood-destroying fungi (Merulius lacrymans,
Polyporus vaporarius, Coniophora cerebella) change lignin, in an acid
medium, into ‘“humic acid.” In the decomposition of plant residues
by microorganisms, the methoxyl content, the lignin content, and the
amount of alkali-soluble substances increase, while the cellulose con-
tent decreases, as shown in tables 10, 12, and 13, and in figure 4. This
can lead to but one conclusion, namely, that the lignin of the plant
residues is an important source of the ‘‘humic acid’”’ in the humus.
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F1a. 5. Influence of C/N ratio of plant material upon its decomposition, as
measured by the liberation of nitrogen in an available form (Jensen).

According to Fuchs (324-6), the ‘““humic acid” molecule is twice as
large as the lignin molecule and is poorer in hydroxyl and methoxyl
groups. The reduction in the methoxyl content of the lignin, in the
process of decomposition by microorganisms, has actually been dem-
onstrated by Pringsheim and Fuchs (851). One may conclude, there-
fore, that the formation of humus from plant residues consists in a rapid
reduction of the cellulose and hemicelluloses, a relative increase in
the content of lignin and modified lignin complexes, and an absolute
increase in the protein content when the residues are poor in nitrogen.
The new protein is synthesized through the activities of the micro-

organisms.
The rapidity of decomposition of plant and animal residues by
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microorganisms in soils and in composts is controlled by the relative
concentration of total nitrogen in the residues (1242). If the nitrogen
content is high, as in dried blood and cottonseed meal, the excess of
this element will be rapidly liberated as ammonia; if the nitrogen con-
tent is low, additional inorganic nitrogen will have to be introduced in
order to bring about rapid decomposition. This is brought out in figure
5. When the plant residues contain about 1.7 per cent nitrogen, there
is just sufficient nitrogen to enable the microorganisms to bring about
active decomposition, without any additional nitrogen required from
the outside and without any nitrogen being liberated as ammonia,
until considerable reduction in bulk of material has taken place. The

TABLE 13
Formaltion of ““humus’' during the decomposition of straw (1143)
Per cent of dry material

DAYS OF INCUBATION PENTOSAN CELLULOSE* so::j‘glfr‘;rt HUMUS CONTBNT§

Original 31.3 39.9 48.5 22.4

14 25.7 39.9 49.5 23.4

28 19.0 35.9 56.7 26.3

64 14 .4 27.9 65.0 30.9

82 11.1 23.8 67.8 31.6

102 10.1 16 .4 71.1 32.8

146 7.9 70.6 32.3

* Cross and Bevan method.

1 Loss on treatment with 3 per cent NaOH solution in reflux condenser.

§ Precipitate obtained on acidifying the alkali extract; contains hemicelluloses
and lignin. The carbohydrate fraction in the humus (Eller’s procedure) was
28.048.6 per cent, the lignin fraction 51.4-72.0 per cent.

fact that no ammonia is formed during this decomposition does not
prove that the nitrogenous complexes present in the plant residues are
not attacked, but merely that all the nitrogen liberated in the decompo-
sition of the proteins is immediately reassimilated by the organisms
attacking the non-nitrogenous substances and is synthesized into mi-
crobial cell substance. In the anaerobic decomposition of plant resi-
dues the amount of available nitrogen is less significant than in aerobic
decomposition (8a).

These processes of decomposition of the major constituents of the
plant and animal residues are accompanied also by the decomposition
of numerous organic compounds which occur in less abundance, such
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as the oils, fats, waxes, tannins, glucosides, and pigments. The nature
and extent of decomposition of the major and minor groups of plant
and animal constituents are markedly influenced by the nature and
age of the material and by the conditions of decomposition, the latter
influencing the nature of the microorganisms active in the decomposi-
tion processes. Figure 6 shows the marked effect exerted by aeration
upon the decomposition of plant residues and their various constituent
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F1G. 6. Influence of aeration upon the decomposition of the whole alfalfa plant,
the total water-insoluble carbohydrates, and the lignins under aerobic and an-
aerobic conditions (Tenney and Waksman).

complexes; the lignins, for example, undergo some decomposition under
aerobic conditions, but remain practically undecomposed under anaero-
bic conditions. This phenomenon has an important effect upon the
accumulation of humus under peat bog conditions.

It thus becomes evident that when complex plant and animal ma-
terials find their way into the soil, either through natural forces or
through the agency of man, or are allowed to undergo decomposition
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in composts, numerous processes are set in motion by thousands of
different organisms. Following the decomposition of these materials,
there results a dark brown residual mass, which is commonly described
as humus. One should recognize the great complexity of the processes
involved in the decomposition of organic residues in soils, peat bogs,
and composts, in order to appreciate how complex humus may actually
be. Various substances are formed as a result of the processes of hy-
drolysis, oxidation, reduction, and condensation, and a diversity of
new compounds are synthesized by microorganisms. Moreover, humus
is never found in a static condition, except when prevented by natural
agencies from decomposing further, as in the case of coal formation.
The mere fact that a portion of the humus is soluble in alkalies or is
oxidized readily by certain reagents is hardly sufficient reason for claim-
ing that this represents an entirely new compound which can be con-
veniently labelled ‘“‘humic acid,” ‘“humus,” or even ‘‘pure humus.”
There is slight justification for referring to this fraction of the humus
as the ‘“humified”’ portion and for labelling the remaining fraction as
‘“‘unhumified.”

The nature of the various forms of humus is determined by the
composition of the undecomposed plant material from which they
originate. The organic matter of rotted wood, of composted straw, of
soil, and of peat does not represent a mixture of mysterious compounds,
requiring special names such as ‘“humic bodies,”” but comprises a great
many chemical complexes which have their origin either in the plant
residues or in the microorganisms active in the decomposition processes.
This is emphasized in table 14, where the comparative composition of
forest soil humus and of oak leaves decomposed under controlled lab-
oratory conditions is given.

Sauerlandt (941) calculated that when 30 tons of manure are added
per hectare of soil every 4 years, 550 kg. of lignin will be introduced
into the soil each year. The plant residues add another 300-500 kg.
of lignin per hectare annually. The humus content of the soil is, on
the average, 2 per cent humus, amounting to 60,000 kg. of humus per
hectare. If one assumes an annual decomposition of 5 per cent humus,
3,000 kg. will be found to be decomposed each year. Only one-third
of this loss can, therefore, be replaced by the lignin in the manures and
in the plant residues. These calculations point to other sources, be-
sides the lignins, as mother substances of humus. The results previ-
ously presented leave no doubt as to that, since the other constituents
of the manure and of the plant residues also contribute to humus either
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directly, in the form of hemicelluloses, fats, and proteins, or through
microbial synthesis (1231).

Summary. During the decomposition of plant and animal residues
in soils or in composts by microorganisms, some organic constituents
are attacked more readily than others; some are extremely resistant to
decomposition. Accompanying these decomposition processes, nu-
merous microorganisms synthesize new complexes in the form of mi-
crobial cell substance. The nature and the rapidity of the processes
of decomposition are modified by the environmental conditions, which
influence the type of microorganisms active in the decompeoesition proc-
esses, as well as the mechanism of decomposition and the nature of
products formed. The mass of plant residues undergoing decomposi-

TABLE 14

Comparative chemical composition of forest soil humus and of decomposed oak
leaves (1243)

Per cent of dry, ash-free material

OAK LBAVES

CHEMICAL CONSTITUENTS H%l;g%;;:f " gfg;‘:g:f;

s0I1L LABORATORY
Water soluble fraction................ ..o, 7.00 13.84
HemicelluloSes. .. ..o ot i iriir e i e it iiieteinnnnnneens 18.52 8.71
CelluloSe. . oot oe ittt e e e e e 11.44 8.00
B 05 s s AU 47.64 54.21
Protein.. ...ttt et e e 10.06 12.33
Ether-soluble fraction..............c.oiiiiiinan.. 5.34 3.04
PH . o e et 5.60 5.03

tion, together with the synthesized cell substance and certain inter-
mediary products, form a dark mass of material which is commonly
referred to as humus. This humus has no definite chemical composi-
tion, but changes constantly as a result of the continuous processes of
decomposition.

Plant residues, in the form of roots and stubble, give rise to the
characteristic humus in arable soils; under specific conditions certain
grasses and trees give rise to the humus of lowmoor peats and of forest
peats, characterized by a high content of lignin and protein and low
content of cellulose. Under conditions of highmoor formation, sphag-
num plants give rise to the humus of highmoor peats, which are low
in protein, low in ash, high in hemicelluloses and cellulose, and high in
fats and waxes. The allochthonous formations, or sedimentary peats,
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CHAPTER VI

ISOLATION OF DEFINITE ORGANIC CHEMICAL
COMPOUNDS FROM HUMUS

“An essential difference between soil and a mere mass of sand or dis-
integrated rock s that the former contains some organic matler.”’—
SCHREINER AND SHOREY.

When one considers the diversity of the complex chemical constit-
uents of plant and animal residues from which humus is formed, the
numerous processes of hydrolysis, oxidation, reduction, and condensa-
tion involved in the decomposition processes, as well as the synthesis
of considerable quantities of microbial cell substance, in itself complex
in chemical composition, one can logically expect to find in humus a
great variety of organic compounds. Our knowledge of the chemistry
of these humus constituents has progressed along two distinct lines:
first, evidence has accumulated concerning the presence in humus of
a number of well-defined organic compounds which vary both in nature
and in abundance; second, the humus constituents have been separated
into several groups of complexes, defined by certain common and char-
acteristic properties.

Although the existence in humus of a great variety of complexes was
becoming generally known, it was only with the publication of the in-
vestigations undertaken by the Bureau of Soils in Washington, under
the leadership of Schreiner and Shorey, that satisfactory methods were
developed for the isolation and identification of the humus constituents
and knowledge of these substances became definitely systematized.
An outline of the general procedure employed in these investigations
on the humus of soils and peats is shown in chart 4. After extraction
with alkali solutions, certain humus fractions were precipitated with
acids. The humus was divided into several groups, which were similar
to those commonly studied previously under the names of ‘‘humic
acid,” ‘‘crenic acid,” ‘‘humin,” etc. These groups were used for the
isolation of the specific chemical compounds indicated in the chart.

The results obtained by the general method of separation may be
conveniently compared with those of Berthelot and André, who also

129
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ShCHA;tT 4. Distribution of organic compounds in soil humus (Schreiner and
orey).

Soil, containing 0.955 per cent organic carbon, was extracted with 2 per cent
sodium hydroxide.

— N

Inso(l;ble. Alkaline solz;tion.
Represents 24.1 per cent of the Contains 75.9 per cent of the total
total carbon. carbon.
Identity of components unknown. /
hd
The alkaline solution, acidified and filtered.
Precz'pzft—_ate. Acid filtrate.
Represents 36.9 per cent of the Contains 39.0 per cent of the total
total carbon. carbon. .
Extracted with boiling alcohol. ‘ Would contain if present:
Insc;luble. Alcohol solution. Dihydroxystearic acid.
] Xanthine.
Represents 15.7 per Contains 21.2 per cent of HyZo;anthine
cent of }ghe total the total carbon. Cytosine.
carbon. Histidine.
. Arginine.
Identity of compo- P:i;::::;
nents unknown. Extracted with petroleum )
ether.
Insoiuble. Petrole;cm ether
solution.
Represents 19.1 Contains 2.1 per
per cent of the cent of the
total carbon, total carbon.
Would contain, Would contain, if
if present: present:
Resin acids. Hydrozystearic acid.
Resin esters. Paraffinic acid.
Lignoceric acid.
Glycerides.
Agrosterol.

Phytosterol.
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separated the soil humus into three fractions, on the basis of alkali
treatment, and calculated the carbon and nitrogen distribution in these
fractions (table 15). The total humus of their soil contained 56.1
per cent C and 4.9 per cent N, with a C:N of 11.4:1. Although the
complexes which they obtained were characterized by certain general
properties, they did not represent specific individual compounds. They
would vary in composition with the source of humus and with the meth-
ods used in extraction.

The compounds isolated from humus by Schreiner, Shorey, and their
associates, represent well-defined chemical substances. Some of these
compounds were constituents of the plant and animal residues which
resisted decomposition, or were being transformed slowly; some were
products of microbial decomposition; some were constituents of the
synthesized microbial cell substance. It was found that some of these

TABLE 15
Carbon and mitrogen distribution among different fractions of soil humus (109)
op(ir‘;al::g?on N?:&(ggn?i. NITROGEN
PREPARATION PER CANT OF PER CENT OF | PER 100 PARTS
TOTAL CARBON F:f('}rTAIISN OF CARBON
Insoluble in cold alkali.................. 31.7 1.25 4.0
Soluble in alkali, but precipitated by acid. 27.6 1.52 5.6
Soluble in alkali and not precipitated by
acid (hydrolyzed products)............ 40.7 3.9 9.7

compounds occurred in the humus in a free state, while others were
present in a combined state, being liberated only as a result of treatment
of the humus with various chemical reagents. Some of the compounds
demonstrated in the humus were shown to be beneficial to the growth
of higher plants and microorganisms, whereas others were decidedly
injurious (1030, 184).

A summary of the nature and abundance of the various organic
compounds which have so far been isolated from the humus of soils and
peats is presented here. Although this information does not give a
complete picture of the chemical nature of humus as a whole, it empha-
sizes the fact that humus is extremely complex and variable in chemical
composition.

I. PARAFFIN HYDROCARBONS
Hentriacontane, CsHes, was isolated by Schreiner and Shorey (981),

by extracting a peat soil with boiling 95 per cent aleohol. This com-
pound forms a hard, waxy mass, melting at 68°C.; the sp. gr. is 0.78
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at the melting point. The substance is soluble in ether and in petro-
leum ether, difficultly soluble in hot alcohol, and slightly soluble in
cold alcohol. It was suggested that hentriacontane appears in the soil
humus as an unchanged plant residue.

II. STEROLS

1. Agrosterol, CasH20O-H:0, was first isolated from the soil.
Schreiner and Shorey (976) demonstrated its presence in a North Da-
kota soil rich in organic matter. It was extracted from the soil by
boiling 95 per cent alcohol. This sterol was believed to have been
contained in some plant which grew on this soil. It is also possible
that this compound was formed in the soil by the action of microorgan-
isms on some of the constituents of the plant residues, such as certain
fatty acids. The fact that microbes are able to synthesize various
sterols, including ergosterol, also suggests that the microbial cell sub-
stance, which is synthesized in the soil, was a probable source of this
compound. This sterol was found to exist in the soil in a free state.

2. Phytosterol, CysHysO-H20, the most common sterol in plants, was
extracted from a peat soil with boiling ethyl alcohol (976). Since it
was obtained by a process of saponification, it appeared likely that this
compound occurred in the humus in combination with other organic
complexes, probably as an ester of a higher fatty acid. Phytosterol
may also enter the soil in the plant residues and remain there in an
unchanged form.

IITI. FATS, WAXES, AND ESTERS

When a soil is treated with ether, chloroform (315), benzol-alcohol,
or other solvent, varying concentrations of fats and waxes can be ex-
tracted ; the actual amount of these depends on the nature of the humus
and its abundance in soil. Some of these compounds are introduced
with the plant residues, and others occur in the cells of the soil-inhabit-
ing microorganisms. Probably some of the sterols and the various
other alcohols, as well as some of the acids, do not exist in the humus
in a free condition, but only in the form of fats and waxes. The pres-
ence of the following two groups of esters was definitely demonstrated
in humus:

1. Glycerides of fatty acids, containing a small amount of unsaponifi-
able material and possibly also some free acid; these were found in all
of the soils examined (980). Their presence in humus is due either to
their introduction in the form of plant and animal residues or to their
synthesis by microorganisms.
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2. Restn esters, soluble in alcohol and ether, but insoluble in water
and in aqueous alcohol. Compounds belonging to this group were
isolated (979) in the form of a resinous brown powder, melting at 95°C.
and containing 68.88 per cent carbon, 10.24 per cent hydrogen, and
20.88 per cent oxygen.

In addition, various other fats and waxes, under the general name
“bitumens,” were demonstrated in other forms of humus, especially in
that from peat and coal. The presence of carotenes and chlorophyll
in soil has also been established (71a).

IV. ORGANIC ACIDS

A number of organic acids belonging to several chemical groups were
shown to be present in varying concentrations in the humus of peats and
soils. These acids are not to be confused with the dark-colored ‘‘humic
acids,”’” of unknown composition. Since organic acids of known con-
stitution are present in plant residues and since numerous micro-
organisms, especially certain fungi and bacteria, are capable of pro-
ducing a variety of acids in the decomposition of organic matter, one
would expect to find this group of compounds abundantly represented
in humus. Most of the acids do not accumulate in the soil but are
further decomposed by microorganisms, especially in the presence of
sufficient bases, such as calcium and magnesium. In some instances,
the same organism which produces a certain acid is able to decompose
it further; Aspergellus niger, for example, produces gluconic and citrie
acids, which are later transformed to oxalic acid and finally to COa..
Other organisms, especially anaerobic bacteria and yeasts, produce
butyrie, propionic, lactic, and other acids, which are attacked further
by aerobic bacteria and by fungi, especially in the presence of neutral-
izing bases.

The following acids have actually been discovered in humus:

1. Ozxalic acid, (COOH)., isolated by Shorey (1010) from the acidified
filtrate of the alkaline extract of soil, was also obtained by treating the
soil with dilute hydrochloric acid. Shorey suggested that this acid
is present in the soil in the form of calcium oxalate, frequently in rather
high concentrations. Although an abundance of oxalic acid is intro-
duced into the soil in the various plant residues and is also produced by
a variety of fungi and bacteria, ordinarily it is rapidly decomposed
further to carbon dioxide. It is not found as a constant humus constit-
uent, but appears occasionally.

2. Succinic acid, (CHz)2(COOH):, was demonstrated (1010) in soil
from California. The fraction obtained after neutralization of the
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alkali extract of the soil with sulfuric acid and removal of the precipitate
contained this complex. It is less abundant than oxalic acid in plant
residues, but it is formed by a number of organisms.

3. Saccharic acid, COOH.(CHOH),-COOH, is widely distributed
in the soil. It was isolated by Shorey (1010) from the alkali extract
of a soil, after the precipitate formed on acidification had been removed.
In view of the fact that this compound is not known to occur in plant
or animal tissues, it was believed to originate in the humus through the
action of microorganisms.

4. Acrylic acid, CHy:CH-COOH, was isolated from the same soil as
the saccharic acid (1010). This compound, as well, does not occur in
plant and animal tissues; it was suggested, therefore, that it is probably
also produced in the soil through the agency of microorganisms.

5. a-crotonec acid,

CH,-CH,

I
HC-COOH

was isolated by Walters and Wise (1249) from a sandy loam soil from
Texas. It is soluble in water, in ether, and in alcohol. It reduces
potassium permanganate in cold alkaline solution. Ninety-four milli-
grams of this compound were obtained from 50 pounds of soil, although
considerable loss occurs in the process of its preparation. The pres-
ence of this acid in the soil was traced to several sources: it can be
formed during the decomposition of cellulose by bacteria, in the trans-
formation of B-hydroxy acids of the aliphatic series, or by hydrolysis
of allylcyanide, which is present in the essential oils of certain plants.
It may be of interest to call attention here to the fact that the butyric
acid bacteria, so commonly found in the soil, produce a polymer of
B-hydroxy-butyric acid in their cell substance (627).

6. a-mono-hydroxy-stearic acid, CHj;.- (CHs)s- CHOH. (CHs)s- COOH,
was isolated by Schreiner and Shorey (979) from the so-called ‘“‘hyma-
tomelanic acid’’ fraction of the soil humus. The alkaline extract of the
soil is acidified and the precipitate formed is filtered off, washed, and
treated in a moist state with boiling 95 per cent alcohol. The alcohol
extract is evaporated and the residue is washed and dried, then treated
with petroleum ether. This extract is evaporated to remove the ether
and the residue is digested with hot alcohol; when the alcoholic solution
is allowed to cool, the acid crystallizes out. This compound was found
in a Maryland soil, very low in organic matter as shown by a carbon
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content of 0.53 per cent and a nitrogen content of 0.066 per cent. This
member of the fatty acid series is not known among the plant and
animal constituents; its origin in the soil was ascribed to the action of
microorganisms upon some organic compounds; it may also be formed
by direct microbial synthesis.

7. Di-hydroxy-stearic acid, CH;(CH.);,CHOH - CHOH(CH,);-
COOH, was isolated (974) by extracting with ether the filtrate left
after the alkali extract of soil has been acidified with acetic acid and
the precipitate removed. Fifty milligrams of this material were ob-
tained from one kilogram of soil. One-third of the soils examined con-
tained this acid; it was found by Schreiner and Lathrop (970) in virgin
and in cultivated soils, in cropped and in pasture soils, including soils
obtained from various parts of the United States. It may, therefore,
be considered as a common constituent of humus. The same compound
was found in the roots of an oak tree infected with fungous mycelium.
Its presence in various plant residues such as straw and timothy has
also been demonstrated (184).

This acid was believed to originate in the soil either through microbial
synthesis or the oxidation of organic compounds found in plant tissues,
such as oleic acid, which is a constituent part of certain fats and lecithin;
the following reactions have been suggested:

H'C'CBHH H'C'CsHu OH

I Il l
COOH 'C7H14‘C ‘H—— H'C 'C7H14'COOH —— H 'C 'Cer:

|
H (IJ -C7Hy - COOH
OH

oleic acid elaidic acid di-hydrox%ri-stearic
aci

The presence in soil humus of oleic, elaidic, stearic, and palmitic
acids was actually demonstrated in 1916 by Khainski (542).

The di-hydroxy-stearic acid is highly toxic to plants growing in
nutrient solutions. In view of the fact that it was found largely in
poor, unproductive soils and seldom in fertile soils, Schreiner and his
associates attempted to establish a relationship between the occurrence
of this soil acid and soil fertility. Its presence was believed to be an
indicator of conditions which cause the soil to become less productive.
However, Fraps has shown (310) that di-hydroxy-stearic acid has
little injurious effect upon corn or sorghum plants in soil, even when
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acid to crystallize out. This compound was obtained at the rate
of 1,000 pounds per acre of soil. It was found to be related to the acid

COOH
C19H38<
CH,OH

isolated as the lactone,

CO
C19H38< O
| CH,
from carnauba wax.

Other organic acids of higher molecular weights were also demon-
strated in the soil but have not been studied further.

12. Paraffinic acid, C21H4302, was isolated (977) from the cold alco-
holic extract, which yielded the a-hydroxy-stearic acid referred to
previously. This compound was found in most soils but only in small
amounts. Its origin in humus is probably a result of oxidation of
hydrocarbons of the paraffin series known to occur in various plant
residues.

13. Lignoceric acid, C2sH4502, was obtained (977) first by distillation
of soil in a closed tube; later it was shown to be present in the hot
alcohol extract of soil, thus establishing its existence in humus in a free
state. It is soluble in aqueous alkali solutions and is precipitated un-
changed when the latter are neutralized with a mineral acid. The
fact that lignoceric acid is also found in wood distillate suggests its
possible formation in soil through the action of microorganisms upon
plant residues, possibly upon lignin complexes. This compound is
very abundant in humus; Schreiner stated in a private communication
that its yield was at times found to be equivalent to nearly 20 per cent
of the total humus.

14. Humoceric acid, C1sH340., was isolated (51) from peat by the use
of benzol. It is an unsaturated acid, M.P. 72-73°C.; it reacts readily
with alkaline KMnO; solution and crystallizes from alcohol in the form
of needles or leaflets.

15. Resin acids. 'Three resin acids of unknown chemical composition
were obtained (979) from the alcohol-soluble portion (‘“hymatomelanic
acid’’) of the “humic acid” fraction of soil humus, after the a-hydroxy-
stearic acid and the paraffinic acids had been removed with boiling
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petroleum ether. These acids were found to form a large fraction of
the humus.

Many definite organic acids and other compounds have thus been
isolated from the ‘“‘hymatomelanic acid” and the ‘‘crenic’’ or ‘‘fulvic
acid’’ fractions of soil humus; other compounds can be readily isolated
from the ‘humin,” or alkali-insoluble fraction, and probably also
(1235) from the ‘“‘humic acid” fraction. These results point further
to the absurdity of considering such preparations as definite chemical
entities.

V. ALDEHYDES

Aldehydes were shown to be rather constant constituents of humus.
Only three specific aldehydes have been identified, but certain uniden-
tified compounds belonging to this group have been found in practically
all of the soils examined (988).

1. Salicylic aldehyde,

CHO
c,H4<
OH

was isolated (1010) from the filtrate obtained on acidifying the alkali
extract of soil. The presence of this aldehyde in humus may be due to
its direct introduction in the plant residues; it may also be formed
during the decomposition of certain plant constituents, such as salicin.
It was found only in a relatively small number of productive soils.
Schreiner and Skinner (987) have shown that this compound has a
harmful influence, much more so than vanillin, upon plants grown in
culture solution. When added to soil cultures, however, it was found
to have no detrimental effect in the case of some soils, especially those
that were limed and possessed a high bacterial activity (337), but it
was harmful in other soils.

2. Vanellin, OH.C:H3;(OCHj;) - CHO, was obtained (1011) from the
same preparation as the previous aldehyde. Twenty-five kilograms
of soil yielded only a few milligrams of this compound; in some cases,
the yield was 0.001 to 0.00048 per cent. By grinding the soil and ex-
tracting it directly with alcohol, more vanillin was obtained than by
the preliminary process of alkali extraction; it was concluded, therefore,
that this compound exists in humus in a free state. The fact that
vanillin contains a methoxyl group and can be prepared from lignin
(598) suggests the probability that lignin gives rise to the vanillin found
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in humus. The total amount of methoxyl present in soil is considerably
greater than that indicated by the vanillin content; a large part of it
must be due either to lignin itself or to various lignin derivatives.
Sullivan (1118) actually demonstrated the presence of vanillin in rotten
oak wood and in various other plant residues (184).

The injurious effect of vanillin upon plants has been definitely es-
tablished (1041, 310); it is less harmful in soil than in solution culture;
it acts differently in different soils and under different conditions, be-
cause of its greater persistence in some soils than in others. Robbins
(897) found that when vanillin is added to soil there is at first a depres-
sion in bacterial numbers followed by a marked increase; in sterile
soil this compound remained harmful to plants, but when such soil was
inoculated with an infusion of normal soil, the toxic effect tended to
disappear. This suggests the probability that vanillin is destroyed in
the soil by certain microorganisms; its persistence in some soils was
believed to be due either to a lack of vanillin-destroying organisms or
to conditions unfavorable for their development. The addition of
vanillin to a fertile soil produced no injurious effect upon plants, but
it proved to be injurious in an infertile acid soil; this injury was over-
come by the addition of lime, or of lime and phosphate (1182, 1043).

3. Tri-thio-benzaldehyde, CéHsC(SH);, was isolated (1010) from the
filtrate of the alkali extract of soil acidified with acetic acid. This com-~
pound was found infrequently in soil, having been demonstrated only
in a California soil and in a salt marsh soil, the former containing 0.59
per cent total sulfur and several hundred pounds of the specific aldehyde
per acre-foot. ‘

VI. CARBOHYDRATES

Carbohydrates are present abundantly in humus, especially in that
of forest soils and peat. A detailed study of the occurrence and rela-
tive distribution of these compounds in different types of humus is
reported later. Only a brief summary of some of the specific com-
pounds is presented here. Large amounts reach the soil in the form
of plant and animal residues, and some are also synthesized there by
the numerous microorganisms active in the decomposition processes.

1. Pentosans and pentoses, (CsHgOs)n. Nearly all types of humus
give furfural on boiling with 12 per cent hydrochloric acid, which
proves that they contain pentosans, uronic acid, or other furfural-
yielding compounds. The presence of pentosans, frequently in consid-
erable abundance, in the humus of peat and of forest and mineral soils



140 ORIGIN AND NATURE OF HUMUS

has been demonstrated by von Feilitzen and Tollens (285), Sestini
(999), de Chalmot (174), and others. Table 16 shows the quantitative
distribution of pentosans in a variety of soils and their relation to the
total humus content.

The fact that furfural may be derived, not only from pentosans, but
also from other compounds that yield pentoses, such as nucleoproteins,
and from uronic acids makes it essential to establish the nature of the
furfural-yielding complex. Shorey and Lathrop (1015), for example,
actually demonstrated that xylose is formed as one of the products
of hydrolysis of humus. Schreiner and Lathrop (969) found pentose

TABLE 16
The pentosan content of a series of mineral soils (1015)
) Per cent of dry soil

TOTAL CARBON TOTAL R]:;ﬂ‘;iloosl.iNOF
Elkton silt loam......................... 0.522 0.176 15.13
Sassafras silt loam....................... 0.315 0.055 7.93
Chester silt loam........................ 1.510 0.182 5.49
North Carolina peaty soil................ 27.102 1.090 1.83
Marshall loam........................... 6.971 2.750 17.93
California peaty soil..................... 11.478 0.341 1.30
Norfolk fine sandy loam................. 0.822 0.027 1.46
Santa Paula, Calif., loam................ 1.308 0.061 2.14
Portsmouth loam........................ 3.854 0.219 2.57
Susquehanna clay loam.................. 1.048 0.659 28.53

sugar in all of the soils tested; they concluded, therefore, that pentoses
or pentose-containing complexes, in addition to pentosans, are common
constituents of the soil organic matter. According to Leavitt (615),
pentoses, as well as glucose, are present in humus in the form of an-
hydrides.

2. Uronic acids. The occurrence of uronic acid complexes in humus,
frequently in considerable abundance, has also been definitely estab-
lished (1017). The relation of these complexes to humus as a whole
and to the pentoses in particular, will be discussed in detail later.

3. Cellulose, (C¢H;0Os)n, is found abundantly in forest soil (1243)
and in peat, especially certain types, such as highmoors (285, 907).
The quantitative distribution of this important compound in humus
is discussed later.
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4. Glucosides. The presence in soil of a glucoside of rhamnose,
methyl pentose, CH;.-(CHOH),-CHO, has been established (1010).
This glucoside was present in comparatively large concentration in the
colored material precipitated by lead acetate from the acid filtrate of
the alkali extract of soil.

5. Sugar alcohols. Mannitol, C¢H1406, was isolated from the soil
humus by Shorey (1010).

VII. LIGNINS

In view of the fact that the chemistry of lignin still presents a number
of confusing questions, it is difficult to estimate the exact amount of
lignin present in humus. There is no doubt that it is present there
in rather high concentrations in an unaltered form, in a modified form,
or as condensation products with other complexes. The various
“humic acid’’ preparations commonly obtained by alkali extraction of
soils, peats, and composts possess certain specific properties which are
known to be characteristic of the lignins. This, as well as the fact that
lignin is more resistant to microbial decomposition than are most of
the other plant constituents, points to a connection between the two.
Attention should also be called here to the occurrence of methoxyl in
humus (1016), which adds further weight to the idea that lignin exists
in humus, either in an unmodified or in a modified form. Just what
modifications the lignin molecule undergoes before it is recognized to
have changed into a characteristic ‘“humic compound’ is merely a
matter for speculation. If humus is considered as the sum total of
organic residues undergoing decomposition under natural conditions,
lignin becomes a part of humus, no matter whether it is present in the
original state or whether it has become modified, as shown by a loss
in methoxyl content, by greater solubility in alkali solutions, and by
darker color.

VIII. ORGANIC NITROGENOUS COMPOUNDS

1. Proteins, proteoses, and peptones. The earlier prevailing concep-
tion, as expressed by Ritthausen (895) and by Grouven (375), was that
the nitrogen content of humus was originally ammonia which became
absorbed by the ‘“humic acids’ (649). However, only 2 per cent of
the total nitrogen present in humus could be removed by heating the
soil with milk of lime, and 5 per cent by heating with potassium hydrox-
ide solution. Detmer (219), Sivers (1039), and others concluded that
the nitrogen was present in soil organic matter chiefly in the form of
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proteins. Since then, the protein nature of most of the nitrogen in
humus has become more or less definitely established. According to
Valmari (1197), 88.4 to 96.2 per cent of the nitrogen in peat and in
garden soil is in the form of proteins.

The constitution of plant and animal proteins is usually determined
by the products formed on acid hydrolysis; in a similar manner, the
protein compounds of the humus are hydrolyzed with acids and the
products analyzed qualitatively and quantitatively. After proteins
are added to the soil, as plant and animal residues, they are attacked
by microorganisms and undergo a chain of reactions:

protein —— proteose, peptone, polypeptides —— amino acids ——
ammonia —— nitrate

>

microbial  higher
proteins plants

The proteins of the soil are thus found to be of plant, animal, and
microbial origin, the last being most significant. Proteins as such
have not been isolated to any large extent from soil humus, and consid-
erable difficulty is involved in any such extraction; it is doubtful, there-
fore, whether proteins exist in humus in a free state; they probably
occur in the form of complexes with other compounds, especially lignins,
as will be shown later. Protein transformation products can be readily
demonstrated in humus, frequently in great abundance. Walters
(1247) reported the occurrence in soil of primary decomposition prod-
ucts of proteins, namely, proteoses and peptones. Jodidi (500) ex-
tracted 2.92 per cent of the nitrogen in humus with boiling water in
10 hours, and 9.96 per cent, in 24 hours. Shmook (1004) found that
19.10 per cent of the total nitrogen of a Russian lateritic soil was water
soluble.

Suzuki (1119) made a study of the nitrogen distribution in the “humic
acid”’ fraction of peat; the preparation was hydrolized with concentrated
acid, and the individual amino acids were determined by means of
Fischer’s procedure. The presence of alanine, leucine, aspartic acid,
and other amino acids was definitely established. The conclusion was
reached that ‘“humic acid” is of a protein nature, is a mixture of protein
decomposition products, or is a compound of proteins with other organic
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complexes. Morrow (728) failed to isolate any appreciable quantity
of alcohol-soluble or salt-soluble proteins from humus; he demonstrated,
however, that the distribution of organic nitrogen in the humus of
various soil types is very uniform.

In the course of the decomposition of proteins in soil, Lathrop (611, 612)
found that new proteins were formed which appeared to be more resistant
to decomposition than either plant or animal proteins. These new
proteins could not be extracted with distilled water, but when the soil
was treated for 24 hours with a 1 per cent solution of sodium hydroxide,
the presence of proteins and protein-like substances could easily be
established. These soil proteins were believed to be either complexes
synthesized in the cells of microorganisms, or certain proteins added in
the plant and animal residues which resisted rapid decomposition.
During the process of decomposition of organic residues, large quantities
of microbial cell substance are synthesized and considerable quantities
of inorganic nitrogen are transformed into organic nitrogenous com-
pounds (435). The proteins of certain plant residues, as oak leaves and
pine needles, seem to be highly resistant to microbial attack, by reason
either of their specific nature or of their formation of complexes with
other plant constituents.

When peat was extracted with 20 per cent hydrochloric acid, only
80 per cent of the nitrogen was made soluble (204). The peat protein
yielded three to five times as much amide-nitrogen as did pure vegetable
or animal proteins, a phenomenon also observed by others.

2. Amino actds. Sestini demonstrated the presence of amino com-
pounds in material extracted from soil with nitrous acid (1000). These
compounds are not found very extensively in a free state (504, 843,
845, 900). They are formed largely from the more complex substances
(polypeptides and proteins) when humus is treated with alkalies and
acids. The amino acids, as well as the acid amides, are the building
stones of humus proteins; when the proteing are gradually decomposed
by microorganisms, they give rise to amino acids, which are attacked
further and reduced to the ammonia stage. An analysis of four soils
by the S6renson method showed that 49 to 68 per cent of the total
nitrogen in humus is in the form of amino acids (175). Potter and
Snyder (844), however, were able to demonstrate, by the use of the
Kober technique, the presence of only small quantities of free amino
acids in humus. There was also no tendency for this form of nitrogen
to accumulate in the process of decomposition of the organic substances,
as is usually found to be the case for ammonia. Manure containing
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0.522 per cent total nitrogen and 0.015 per cent ammonia nitrogen had
only 0.003 per cent amino acid nitrogen. A dilute acid extract of soil
contained no amino acids, whereas dilute alkalies extracted appreciable
quantities of amino acids. One may conclude from these results that
the amounts of amino nitrogen present in humus in a free state are very
small in comparison to the quantities produced on hydrolysis of the
humus with boiling mineral acids or alkalies.

The presence of a number of mono-amino.acids has been demon-
strated in soil, such as leucine, iso-leucine (899) and others. Although
the total concentration of this group of acids in humus is greater than
that of the basic or diamino compounds, the occurrence of the latter
has received more attention. Several of the diamino acids, namely,
arginine, histidine, and lysine, were found in a weak alkali extract
of soil.

Histidine (a~-amino- B-imidazole propionic acid) and arginine (a-
amino-é-guanidine valerianic acid) have the following structural
formulae:

CH—NH\ NH, NH.

u cH | |

(IZ‘————N NH:C-NH-CH,;-CH;-CH,;-CH-COOH
CH,;-CH-NH.-COOH

Histidine Arginine

Both were isolated (979, 982) from the soil, the method of isolation
depending upon their precipitation by silver salts from alkali solutions.
The first compound was obtained in larger concentrations and from a
greater number of soils than the second.

Lysine (a- e-di-amino caproic acid),

1|\TH2 ITTHz
CH.:-CH.-CH,-CH,-CH-COOH

was isolated from a California soil (1010). It was shown to occur in
humus only in limited amounts. Lathrop (612) found histidine in 18
out of 24 soils examined; arginine was present in two soils, and lysine
in only one soil. The first compound is more resistant to decomposi-
tion by microorganisms than the other two because of the fact that their
nitrogen is present in ring formation in histidine and in chain structure
in arginine and lysine. This explains why arginine and lysine are
not so characteristic of humus as is histidine, although the first two
are present in almost all of the proteins added to soil.
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3. Amides. When the nitrogenous compounds obtained on acid
hydrolysis of humus in soils and in peats are compared with those
found on hydrolysis of animal and vegetable proteins, considerably
higher concentrations of amide nitrogen are found in the former than
in the latter (612, 501, 503, 536, 844). Between 16 and 30 per cent of
the total hydrolyzable nitrogen in the humus is composed of amides
which occurred, not in a free state, but in protein combinations. Bau-
mann (72) observed in 1887 that a soil rich in organic matter contained
only a trace of ammonia; however, on boiling this soil with hydrochloric
acid, he found that a large amount of ammonia was liberated, which
led him to conclude that amino compounds and amides are present in
the humus. Berthelot and André (108) treated a soil containing 0.174
per cent nitrogen with hot 20 per cent hydrochloric acid, for 2 hours;
31.8 per cent of the total nitrogen was thereby made soluble; of this,
7.1 per cent was liberated as ammonia. They concluded that the nitrog-
enous complexes of humus consist chiefly of insoluble amides, which
are converted into soluble amides and ammonia by the action of acids,
alkalies, and even water. Warington (1252) has also shown that small
quantities of amides are present in soil; in this case they were obtained
by treatment of the soil with hypobromite and nitrous acid. The
presence of urea in forest soils, as well as in other soils rich in humus,
has also been established (306). This adds further weight to the
theory, already mentioned (p. 105), that the organic nitrogenous com-
pounds of the soil are largely of microbial origin, since microorganisms
are known to synthesize considerable quantities of urea and other
amides.

4. Amines. Several amines and related compounds have been iso-
lated from humus. The following three deserve particular considera-
tion:

a. Trimethylamine, C;HoN, was found by Shorey (1010) in a salt
marsh soil from Georgia; the soil was made alkaline and distilled under
reduced pressure. In view of the fact that this compound is present
both in animal and in plant products, its occurrence in soil may be due
to its introduction into the soil with such materials or to its forma-
tion in soil during the decomposition of certain compounds, such as

choline.
b. Choline,

CH,-CH,-OH

Né(CHs)s

\OH
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or tri-methyl-hydroxy-ethyl ammonium hydroxide, was isolated by
Shorey (1010) from a silt loam soil. This compound was found in
humus in comparatively low concentrations. It occurs in soil either
as a result of its introduction or formation there during decomposition
of more complex compounds.

c. Creatinine,

NH—C(I)
N(CH,;)CH,

was isolated (983, 1018, 1008) from the filtrate left on acidifying the
dilute alkali extract of soil, as well as by simple extraction of soil with
water. Creatinine is present in stable manure, urine, and fresh legu-
minous plants; it may also be produced by direct bacterial action.
Its concentration in soil is equivalent to several parts per million,
frequently as high as the nitrate content or even higher. This com-
pound can be regarded as a normal soil constituent, and it is known
to have a favorable effect upon plant growth (1040).

5. Purine bases. A number of purine bases have been demonstrated
in the soil; namely, adenine, xanthine, and hypoxanthine; these are
products of microbial decomposition of nucleic acids.

a. Xanthine, 2—6-dioxy-purine,

NIH—(|30
0oC C—NH
D
HN—C—N7

NH:C

was isolated (979) from the alkali extract of a soil. It may have been
introduced into the soil in the plant residues, but it is more than prob-
able that it was formed there during the process of decomposition of
the nucleic acids and nucleo-proteins.

b. Hypoxanthine, 6-oxy-purine,

'NH—(I30

CH C—NH
R
N—C—N

was isolated from a number of soils (979). The purine bases are readily
converted into one another by various bacteria and their enzymes;
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the presence of any one base in the soil may indicate the predominance
of one specific organism.
c. Adenine, 6-amino-purine,

1T=(|3 - NH.

HC C—NH
| | _>cH
N—C——N

is not of so common occurrence in humus as the other two bases (1010).
Out of 24 soils examined (612), 12 contained hypoxanthine, which was
usually associated with cytosine. Xanthine was found in four of the
soils and was associated with hypoxanthine in three of them, while
adenine occurred in only two of the soils and was associated in one
case with xanthine.

Xanthine forms on oxidation uric acid which is readily decom-
posed in soil by microorganisms. Adenine is changed by deaminization
into hypoxanthine; the latter is the more resistant to decomposition
by bacteria. These facts explain the more general occurrence of
hypoxanthine in humus.

d. Guanine, 2-amino-6-oxy-purine,

IIVH—'(]JO
NH,-C C—NH ‘
* NCcH

1\”1—%—N/

was isolated (610) from a soil that had been heated in the autoclave
under steam pressure; it was found in the filtrate obtained from the
acidified alkali extract of soil. It may be produced in the soil from
guanosine, guanylic acid, or other nucleic acids. Since guanine was
not present in the unheated soil, it must have been formed in the proc-
ess of heating from some other nitrogenous body, probably nucleic acid.
e. Tetra-carbonimid, CH,N,O,; was isolated from soil by Shorey
and Walters (1019); like guanine, it also occurred in the acid filtrate
of the alkali extract of soil. This compound is not an uncommon
constituent of humus. Thirty milligrams of the pure substance were
obtained from 18 kg. of soil, with a probable loss of at least 50 per
cent. Its content in soil fluctuates, depending on the conditions.
Because of the fact that uric acid has not been demonstrated in the
soil, its transformation into tetra-carbonimid has been suggested.
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According to Walters and Wise (1250), tetra-carbonimid is actually
cyanuric acid. Its formation from uric acid was explained as follows:

NH—CO NH. NH, NH
| | — | | — VN
?O (ﬁ——NH (,30 (l)O O(IE (|30
CO
NH—C—NH NH—CO—NH HN NH
CO
Uric acid Carbonyl-diurea Cyanuric acid

Cyanuric acid or its precursor is widely distributed in humus. A
soil containing 0.0744 per cent total nitrogen was treated with 2 per
cent sodium hydroxide solution; the extract contained 56 per cent of
the total nitrogen. When the extract was acidified with sulfuric acid
and filtered, 31 per cent of the nitrogen was left in the acid filtrate.
On treatment with an acid solution of HgSO,, a precipitate was formed
which contained 14 per cent of the nitrogen. The cyanuric acid ac-
counted for 0.30 per cent of the total nitrogen of the soil.

6. Pyrimedine derivatives. Cytosine, or 2-oxy-6-amino-pyrimidine,
CH;ON;-H.O, was isolated from the soil by Schreiner and Shorey
(978).

N=CNH,
ol ¢m
N dH

Cytosine

This compound has been demonstrated in several soils and was found
to be a common constituent of humus.

7. Pyridine dertvatives. Berthelot and André (104) were the first to
establish the presence of a pyridine compound in the soil. In 1906,
Shorey (1007) isolated from the soil a compound, a-picoline- y-carboxy-
lic acid, C;H;NO,. It was later again isolated by Schreiner and Shorey
(973). Its structural formula was given as

C—COOH

|
HC  C-CHs

N
N



ISOLATION OF CHEMICAL COMPOUNDS FROM HUMUS 149

This compound may originate in humus as a result of the decomposition
of proteins and the reduction of melanoids or ‘“humin’’ substances, as
shown by Samuely (938). When tryptophane is boiled with acids or
with water it is changed to dark colored complexes, which may be other
sources of this compound. Picoline-carboxylic acid was found in fairly
large quantities in a number of soils. It is somewhat toxic to plants in
nutrient solutions.

In addition to these compounds, a number of other organic nitroge-
nous complexes can be readily demonstrated to be present in humus.
It is sufficient to mention such compounds as nucleic acids and chitin.
The latter is synthesized in considerable quantities by soil-inhabiting
insects and by fungi; it would ordinarily be found in the ‘“humin”’ frac-
tion of the humus. The presence of chitin in forest soils was first
demonstrated by P. E. Miiller (737). H. von Post (857) found that
as much as 15 to 20 per cent of the dry weight of peat may consist of
chitin. Hoveler (464), however, could not find this compound in peat
soils.

In summarizing the occurrence of nitrogenous compounds in the soil,
Lathrop (609, 612, 613) stated that histidine, hypoxanthine, cytosine,
xanthine, nucleic acid, creatinine, and cyanuric acid may be considered
as compounds of common occurrence; arginine, lysine, adenine, choline,
and trimethylamine occur infrequently. Although arginine is present
in nearly every protein, it is more readily attacked by microorganisms,
and therefore does not accumulate in humus; however, compounds like
histidine, which contain an aromatic complex in their molecule, are
attacked with difficulty.

IX. ORGANIC PHOSPHORUS COMPOUNDS

Phosphorus compounds are added to soils in plant and animal resi-
dues. They are also synthesized in soils and in composts by micro-
organisms. An idea of their abundance may be derived from the fact
that 50 per cent of the total ash of Azotobacter and other bacteria is
composed of phosphoric acid. The organic phosphorus compounds of
humus may be conveniently classified into three groups: 1. nucleo-
proteins, 2. phosphatides including lecithin, and 3. phytin, or the
calcium-magnesium salt of inosite-phosphoric acid. The presence of
phosphorus in soil humus was reported by early investigators (735,
955). Aso (58) demonstrated the presence of nuclein and lecithin in
soil; Shorey (1010) isolated nucleic acid from humus and Bottomley
isolated a similar compound from peat (137). The presence in humus
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of choline, a decomposition product of lecithin, and of inosite, a de-
composition product of phytin, has also been reported (61, 245, 358,
6772, 966). The abundance and chemical nature of humus influence
considerably the availability of phosphates in the soil for plant nutri-
tion (333a).

1. Nucleic acid was isolated from the acid filtrate of a dilute (1 per
cent) sodium hydroxide extract of a number of soils; it differed consid-
erably in chemical composition, according to the nature of the soil
from which it was obtained. In addition to phosphoric acid, it gave
a pentose, one or more of the purine bases, and a pyrimidine derivative.
The presence of di-nucleotides in peat humus was demonstrated more
recently (204). The fact that nucleic acids are prominent constituents
of the cells of bacteria and fungi can thus be correlated with the exten-
sive development in the soil of microbial cell substance, which makes
up an important part of humus.

2. Lecithin, a compound analogous to glycerides, was first demon-
strated in the soil by Aso (58), and later by Stoklasa (1096a).

(ll‘Hz . OR
CH - OR

| OH
CH, - O - PO<

OCzH4 . N(CH3) 2OH

X. ORGANIC SULFUR COMPOUNDS

Organic sulfur compounds are also contained in plant and animal
residues; they are synthesized by microorganisms in soils and in com-
posts. In the decomposition of proteins, the sulfur is first liberated as
the amino acid cysteine; further decomposition leads to the formation
of thiolactic acid, mercaptans, ethyl sulfide, and hydrogen sulfide,
depending on the nature of the organisms concerned in the process and
on the environmental conditions, especially oxidation-reduction po-
tentials.

Sulfur is also contained in the essential oils, as thio-carbamides. The
isolation of tri-thio-benzaldehyde from humus has already been men-
tioned.

XI. OTHER COMPOUNDS

The presence in certain types of humus of compounds having injuri-
ous or beneficial effects upon plant growth has been definitely estab-
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lished (p. 351). Their nature is still incompletely known. Amongthem
is the ‘“‘peat disease’ studied by Elema and Hudig in Holland. It is
claimed to have been isolated (1050) by the following procedure: the
soil was boiled with two to three volumes of 80 per cent alcohol
under a reflux condenser, the extraction being repeated several times;
the combined filtrates were distilled under reduced pressure. The
first third of the distillate was treated with a few cubic centimeters
of an aqueous solution of copper sulfate; a precipitate was formed,
. which was filtered off, washed with alcohol and water; the residue
was suspended in alcohol and decomposed with hydrogen sulfide;
the filtrate was then concentrated to a small volume and allowed to
stand; the specific substance then crystallized out. The same com-
pound was obtained from the Everglades peat in Florida; it is of in-
terest to note that this type of peat responds well to additions of copper.

XII. ELEMENTARY CARBON

The presence of elementary carbon in humus has been demonstrated
by a number of investigators (967, 1274, 904). It probably does not
originate from microbial activities, but is a product of the ignition of
organic matter. Although there are certain indications that carbon
can be oxidized by microorganisms, the subject needs further study.

Summary. As opposed to the idea of the simple chemical nature of
humus in soils, peats, and composts, a number of investigators have
definitely established the fact that humus is highly complex in compo-
sition, and that a large number of chemical compounds can be separated
from it. Schreiner and Shorey have isolated from the acid precipitate
of the alkali extract of soils (the so-called ‘humic acid’’ fraction) various
glycerides, resin acids, resin esters, certain sterols, lignoceric acid, and
other compounds; from the acid filtrate (the so-called ‘‘crenic acid’
and ‘““fulvic acid” fractions) they obtained pentosans, amino acids,
purine bases, and other substances. Some of these compounds are
found in humus in a free state, while others are combined with inor-
ganic bases, with acids, or with various organic substances in the form
of esters; still others probably form a part of a large molecule or a com-
plex; for their separation, the latter must first be broken down by proper
chemical reagents. ,

Some of the compounds thus far isolated were no doubt originally
present in the plant and animal residues added to the soil; some were
formed as a result of decomposition of these residues by the numerous
bacteria, fungi, protozoa, worms, and insects inhabiting the soil; some
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were synthesized by the microorganisms, forming important constit-
uents of their cell substance and becoming liberated during its decom-
position. The fate of these various organic compounds in humus varies.
Some are readily decomposed in the soil with the liberation of carbon
dioxide and ammonia; some are more resistant to decomposition and
persist for longer periods of time, being gradually transformed by
microorganisms. Some of the compounds are beneficial to plant
growth, whereas others are toxic to plants. Both will in course of time
be further decomposed by the various soil inhabiting organisms or by
atmospheric agencies, by processes of oxidation, reduction, hydrolysis,
and condensation.

The chemical complexes so far shown to exist in humus represent
only a fraction of the tofal organic constituents. With the develop-
ment of suitable technique of isolation and separation, numerous other
compounds will no doubt be obtained. This information is important
not only for an understanding of the chemical composition of humus,
but also for the elucidation of the processes of humus formation and
transformation; these compounds, however, are not sufficient to char-
acterize humus as a whole.



CuaaPTER VII

CHEMICAL NATURE OF HUMUS AS A WHOLE

“Der Huinus enthélt dieselben Bestandtheile wie die Pflanzen- und
Thierreste, aus welchen er entstanden ist, aber tn einem zum Theil anderen
Mengenverhiltniss, je nach Grade und den Gusseren Factoren der Zersetzung.”’
—E. WoLLNY.

Humus represents a heterogeneous complex consisting of numerous
compounds of plant, animal, and microbial origin, and of their decom-
position and transformation products. Although numerous chemical
compounds can be isolated from humus, the latter is characterized by
certain general groups of constituents, which vary qualitatively and
quantitatively, depending on the nature and origin of the humus. One
is, therefore, justified in speaking of humus not as of a known chemical
complex but as of a state of matter. Just as plant or animal substance
can be subjected to chemical analysis and separated into several large
groups of chemical compounds possessing similar properties, such as
fats, carbohydrates, and proteins, so can humus also be divided into
specific groups of complexes.

Most of the constituent groups of humus have their counterpart
among the plant constituents but they vary considerably in chemical
nature and in relative abundance. Some of these groups are better
known chemically than others; in some instances there is still incom-
plete knowledge concerning the exact chemical nature and origin of
some of the constituents of humus. Just as the carbohydrates are
represented in some plants principally by cellulose and pentosans,
in other plants by mannans or galactans, and in still other plants by
cane sugar or starch, with other carbohydrates present in smaller
amounts, the carbohydrate groups predominating in humus of differ-
ent origin may not be alike in chemical composition, either qualitatively
or quantitatively. Differences in the chemical nature of humus become
especially apparent when one compares the humus of highmoor and low-
moor peats, of composts, of forest soils, and of mineral, field, and garden
soils.

In view of the fact that humus originates from the decomposition of

153
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plant, animal, and microbial residues, one may expect to find in it
numerous organic complexes. The nature of these substances changes
as decomposition progresses. This can be readily demonstrated in
certain forest soils, of the so-called ‘‘raw-humus’ or ‘‘acid humus”
type, where a definite distinction has been established (432) between the
layers of organic matter at different stages of decomposition. The
humus present in these different layers, as in the true mineral horizons,
varies considerably in physical and chemical characteristics. The
transition from plant residues to humus is gradual but marked. The
same is true of the transformation of plant residues in different types of
peat. Even in the case of inorganic or mineral soils, one may be able
to recognize various organized bodies, which can be classified (967),
into: 1. plant residues, such as roots, leaves, twigs, branches; 2. in-
sects, worms, and their products; 3. fungous mycelium and spores;
4. bacterial cells, protozoa, algae; 5. particles of coal, charcoal, lignite.
Some of these materials no doubt represent partially decomposed
residues.

For most practical purposes, a study of the chemical composition
of humus can be limited to the broad groups of compounds which have
their counterpart among the plant and animal constituents. In special
cases, it may become essential to determine the presence or absence in
humus of certain compounds which may be present in very small con-
centrations, as in the study of substances which are toxic or stimulating
to development of plants.

Chemical groups of humus constituents. Significant amounts of the
following four broad groups of substances are found in humus:

1. Fats, waxes, and resins, or substances soluble in ether, alcohol,
benzol, chloroform, and similar solvents. Quantitatively this group
contains the smallest portion of the humus constituents, although it
includes, in addition to the aforementioned compounds, also sterols,
higher alcohols, fatty acids, tannins, pigments, and similar substances.

2. Carbohydrates and related compounds. Here belong various
polysaccharides, such as cellulose, pentosans, galactans, mannans, and
polyuronides, both of plant and microbial origin; starches; sugars;
and glucosides.

3. Proteins and their derivatives. This group includes the true
proteins; the proteoses and peptones; amino acids; amines; various
purine, pyridine, and pyrimidine bases; and a number of other organic
nitrogenous complexes.

4. Lignins and their derivatives. This group comprises not only the
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true lignin of higher plants, but also compounds that possess properties
similar to this type of lignin, as in the case of the lignin-like complexes
present in mosses, algae, and fungi; they are characterized by insolu-
bility in concentrated acids (72—80 per cent sulfuric, 42 per cent hydro-
chloric), by solubility in alkali solution, by a ring structure, by rapid
oxidation with various chemical agents, and by a varying methoxyl
(OCH;) content. Since the chemistry of lignin still presents many
obscure problems, it is difficult to establish definitely the exact chemical
relation of the dark colored humus constituents, which have some of the
properties of lignin, with the corresponding lignins in plants. In the
process of decomposition of plant residues, the lignins undergo marked
modifications, including a loss of certain groups (methoxyl) and combi-
nation with proteins, as will be shown later. The lignin-like complexes
in humus are also more readily soluble in alkalies and are darker in
color; when lignin is oxidized, in alkali solution, it changes to dark
colored substances. To what extent soil microorganisms play a part
in these reactions and to what extent these are brought about by chem-
ical agencies still remains to be determined. However, in spite of the
accumulated knowledge of the réle of lignin complexes in the formation
of humus and their relation to those preparations formerly known
as “humic acids,” the presence in humus of a dark colored fraction,
which is readily soluble in dilute ammonium hydroxide solution or is
non-soluble in acetyl-bromide, is still believed by some (822, 373) to
indicate the presence of ‘“humic acid,” ‘“humin,” or ‘“pure humus.”
There is no doubt now that this complex originates in natural humus
principally from the lignin constituents of the plant residues, by various
biological and chemical modifications; this fraction may therefore be
included in the lignin group.

There is definite evidence to indicate that the major part of these
groups of substances does not exist in the humus in a free state, but
occurs -in various combinations in which the soil bases may enter.
Some of these compounds are well-defined chemical entities, others are
colloid chemical in nature (336, 385).

Certain inorganic elements, such as P, S, Fe, Ca, and Mg, form an
essential part of the humus, probably to an extent even greater than
in the case of plant, animal, or microbial substances. Since mineral
soils have a predominance of inorganic matter, it is frequently diffi-
cult to distinguish between the inorganic constituents of the humus and
the mineral part of the soil itself. Iron and ammonia, for example,
may enter into combinations in which they are no longer detected by
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chemical reagents. They may be available, however, as in the case of
iron, for plant nutrition.

The relative quantitative distribution of these four groups of humus
constituents in different types of humus, as compared with the distri-
bution of similar complexes in undecomposed plant residues, is shown
in tables 17, 18, and 19. Further and more detailed information bear-
ing upon this subject, whereby different analytical procedures are em-
ployed, are reported later. A qualitative analysis of the various indi-
vidual organic constituents of these groups of complexes would have
brought out even more striking differences between the composition
of plant residues and humus, on the one hand, and between different

TABLE 17

Chemical composition of several types of peat as compared with that of fresh plant
materials (1240)

Per cent of dry material, ash-free basis

ETHER- e
NATURE OF MATERIAL BOLUSLE | qoanm o s | PROTEINS LIGNIN-

STANCES COMPLEXES
Cladium, green plants................... 1.18 51.83 7.49 30.30
Carex, green plants...................... 2.62 48.00 7.30 21.73
Sphagnum plants........................ 1.52 53.56 6.06 7.18
Sound wood (Cypress).................. 3.53 48.78 0.66 28.21
Lowmoorpeat..............ciiiinnn. 1.22 9.94 20.80 55.92
Highmoor peat.......................... 4.02 36.69 6.67 38.83
Woody peat...........c.iiiiiiiiann... 3.32 8.36 14.73 62.61
Sedimentary peat....................... 0.89 19.91 27.59 31.56

types of humus, on the other. This is particularly apparent in the
results obtained with the humus of the different peats and of the differ-
ent horizons of the forest soil profile. The humus formations of the
mineral soils do not show at first glance any striking differences; how-
ever, as will be shown later, these vary not only in total humus con-
tent, as shown by the amounts of total carbon and nitrogen, but also
in the nature of the humus, as shown by the distribution of the differ-
ent fractions.

ETHER- AND ALCOHOL-SOLUBLE COMPLEXES IN HUMUS

Considerable information has accumulated concerning the abundance
in humus of fats, waxes, resinous substances, and sterols; however, this
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information still remains more or less uncoordinated. H. von Post
(857) reported that a soil rich in organic matter contained 0.52 per cent
of fats and waxes. According to Reinitzer (874), the ether extractives
of a forest soil consist largely of waxy substances, since the ether-
soluble fraction (0.184 per cent of soil) was made up of 84 per cent wax
and of 16 per cent fat. The analysis of 24 mineral soils from Texas
gave, on the average, 0.0203 per cent ether-soluble material and 0.0174
per cent chloroform (following the ether)-soluble substances (315).
The ether-soluble fraction gave 50 per cent unsaponifiable matter and
40 per cent saponifiable, with a loss of 10 per cent, while the ether ex-

TABLE 18
Chemzical composition of the humus in the surface layer of forest soils (1243)*
Per cent of dry, ash-free material

8
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NATURE OF FOREST LAYER % % g ] g % g <! E

s | 28| g | E | § | E4

) 4 [ [ e |
Hardwood spruce............ F-layer | 4.85 | 16.61] 7.04 | 10.26( 9.11 | 43.19
Hardwood spruce............ H-layer | 3.39 | 13.77| 3.22 | 2.84| 8.53 | 57.26
Mixed conifers......... e F-layer | 5.66 | 17.79] .... 8.37| 8.72 | 41.72
Mixed conifers............... H-layer | 4.60 | 20.31| .... 4.36| 8.19 | 43.36
Spruce with hypnum........ .{ F-layer | 3.81 | 19.23| 4.99 | 10.57| 7.28 | 44.96
Spruce with hypnum......... H-layer | 4.43 | 19.01| 3.90 | 6.20| 5.78 | 50.42

* The ash content of these humus formations was 9.20, 11.61, 7.94, 13.67, 6.05,
10.57 per cent, reading from top to bottom.

tract of fresh plant material usually contains a higher concentration
of the first and a lower of the second constituent. The fatty acids
present in the humus had a neutralization number of 177 for all of the
24 soils. This number can be compared with that of 167.9 for erucic
acid, 177.6 for di-hydroxy-stearic acid, 179.8 for archidic acid, 198.9
for oleic acid, and 197.5 for stearic acid. The chloroform extract of
the soil humus gave more of the unsaponified and less of the saponified
material than a corresponding extract of grasses, the difference being
small, however.

The humus of a series of brown and black prairie soils was reported
(1241) to contain, on an average, 0.46 to 4.71 per cent ether-soluble
and 0.58 to 1.53 of alcohol-soluble material. It is to be recalled that



158 ORIGIN AND NATURE OF HUMUS

Schreiner and Shorey isolated from these fractions a number of hydro-
carbons, glycerides, sterols, fatty acids, resin acids, and esters.

A detailed study of the relative abundance and chemical nature of
this group of humus constituents has been made for various types of
peat and coal. The nature of the peat, as influenced by the plant
material which gave origin to it, by its age, by preliminary treatment,
and by conditions of extraction, has a considerable influence upon the
nature and abundance of this group of complexes frequently spoken of
as “bitumen.”” Lowmoor peat is usually found to contain the lowest
amount, while highmoor peat is much richer in these complexes. As
much as 9.46 to 17.21 per cent of dry highmoor peat was found in the

TABLE 19
Chemical nature of humus in different mineral soils (1223)
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Michigan podsol A; | 4.6 [41.6 | 2.57| 3.29| 4.00(16.54|16.08|55.62
gan poasol............ A, [ 5.1 1.1(4.73| 4.58] 6.36/10.28|27.82[46.32
Chernozem, Mannitoba.. .. .. A .. 7.4 | 5.34/ 1.30( ....|11.37{33.36[42.83
Chernozem, Texas........... A 6.9 | 2.29| 5.68 2.03| 2.36|13.88|35.50(35.81
Chestnut soil. ............... 0-15 6.8 | 1.93| 5.23| 3.14| 2.58(11.97(32.70(39.95
Serozem, Arizona............ 0-15| 7.2 | 0.28] 8.03| 7.63| 3.50] 4.34|50.22(34.76

ether- and benzol-alcohol-soluble fractions. Pollen peat was reported
(712) to contain nearly one-third of the total organic matter in the
form of this group of complexes. The abundance of the ether-extract-
able material in peat was found to increase with the age of the peat,
since the bitumens are highly resistant to decomposition under condi-
tions prevailing in the peat bog (957).

A Florida saw-grass peat profile was shown (289) to contain 2.32 to
3.02 per cent of the ether- and alcohol-soluble substances, whereas &
heath peat from North Carolina contained 9.09 to 16.44 per cent of
these complexes. In most of the analyses reported in the foregoing,
the treatment of the peat with ether and alcohol precedes any treatment
with acid. If, however, after extraction with the aforementioned
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reagents, the peat was treated with hot dilute hydrochloric acid (24
per cent) and then with ether and alcohol, a further yield of these
complexes was obtained, namely, 2.46-3.26 per cent for the Florida
peat and 2.89 to 19.70 for the North Carolina peat. When the peat
is first extracted with ether, only the free fats and fatty acids go into
solution; the treatment with hot mineral acid liberates the combined
fats and fatty acids, which make up the second yield.

The temperature at which the peat is extracted also has a marked
influence upon the yield (957). The bituminous substances extracted
from peat and coal at ordinary temperatures in Soxhlets do not contain
any oil; the extracts made under pressure, however, contain oil, the
yield of which increases with temperature. This points to decomposi-
tion processes which take place under these conditions.

Stadnikoff (1083) reported that as much as 22 per cent bituminous
substances can be extracted from certain sphagnum peats by means of
benzol-alcohol; this yield was increased, by treatment of the peat with
10 per cent hydrochloric acid, to 27 per cent. This process was recom-
mended for the preparation of Montan wax and resins. The peat bi-
tumen consists of a mixture of free acids, their corresponding esters,
and possibly anhydrides of saturated and unsaturated compounds.
The presence of Montan wax in forest peat has also been demonstrated
(1153). It is to be recalled, in this connection, that the use of pressure
or preliminary treatment with hot acid results in an alcohol extract of
a part of the humus fraction, referred to previously as ‘“hymatomelanic
acid.”

The nature and abundance of fatty and waxy substances in humus
of forest soils depends upon the type of forest vegetation, upon the
extent of its decomposition, and upon the soil conditions, especially
aeration and reaction. In the decomposition of 200 gm. of dry oak
leaves under aerobic conditions (1243), the ether-soluble substances
diminished from 9.50 gm., at the beginning of the experiment, to 2.64
gm. after 6 months and to 0.87 gm. after 12 months, whereas under
anaerobic conditions the reduction was only to 7.04 and 4.09 gm. re-
spectively. The influence of vegetation and of extent of decomposi-
tion are further brought out in table 18.

CARBOHYDRATES

The carbohydrates form quantitatively by far the major group of
plant constituents. Among the carbohydrates, cellulose occupies the
leading place, followed by pentosans and other polysaccharides, as
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well as polyuronides, the latter being especially abundant in mosses and
in algal residues. The distribution of carbohydrates in humus, how-
ever, is totally different. Here, cellulose may either be entirely lacking
or present only in very limited amounts; on the other hand, pentosans
and other hemicelluloses, especially polyuronides are rather abundant.
This is due largely to the fact that, in the case of the great majority
of plant residues, the true cellulose is decomposed rapidly and more or
less completely by a great variety of microorganisms, whereas some of
the hemicelluloses, especially certain galactans and polyuronides, are
more resistant to decomposition. Further, as a result of continuous
synthesis of new microbial cell substance, in the process of humus for-
mation, considerable amounts of hemicellulose are produced, in the
form of the so-called microbial gums and slimes. In the case of humus
which is still rich in partially decomposed plant residues, such as the
F and H layers of the raw-humus forest soil profile and highmoor
peats, considerable quantities of true cellulose may still be present.

Most of the available information on the abundance of carbohydrates
in humus are limited to determinations of pentosans, based upon the
furfural yield from soils or composts upon being boiled with 12 per
cent hydrochloric acid. In view of the fact that other substances,
especially the polyuronides, also give considerable amounts of furfural
by this method of determination, it is doubtful whether the results
commonly reported represent true pentosans. One is more justified
in speaking of ‘‘furfural-yielding’’ substances, unless the presence of
true pentosans is actually demonstrated by the detection of pentose
sugar formed as a result of the acid hydrolysis. Some of the pentoses
may also be derived from the nucleic acids present in humus.

Pentosans. The quantitative determination of pentosan in humus
is usually based upon its hydrolysis to pentose, and the subsequent
transformation of the latter to furfuraldehyde, on boiling with 12 per
cent hydrochloric acid:

(CSH804)n + n H20 = n(C5H1005)
CsH,005; = C;:H,O: + 3 HO

De Chalmot was among the first to show (174) that certain pentosans
persist in soil humus, and may frequently be found there in appreciable
quantities. The pentosan carbon was found (1015) to make up as
much as 1.3 to 28.5 per cent of the total carbon content of humus.
The average pentosan content of the soil was reported (313) to increase
with an increase in the nitrogen compounds, the ratio between these
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two groups of humus constituents being nearly constant, namely, about
0.75 to 1. 'The surface soils contained more pentosan than the subsoils
and had a somewhat wider pentosan-nitrogen ratio (0.77:1 against
0.70:1). It was found that different pentosans are not decomposed
at the same rate in soil. When soil was boiled with dilute mineral
acid, such as 1.28 per cent sulfuric, and the sugar determined in the
filtrate, the pentose obtained was equivalent to only 60 per cent of the
total pentosan in the humus, as calculated from the results of furfural
distillation method; this emphasizes further the need for precaution
in interpreting the “‘pentosan’ content of humus.

TABLE 20
Chemical composition of humus in decomposed wood, in peat and in soil (706)
Per cent of dry material
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Decomposed oak wood. ........... 4.89| 1.66/48.31( 4.22| 2.40| 2.96] 8.73| 6.13
Decomposed pine wood............| 1.38 0.49|52.19| 3.42| 3.61| 3.49| 6.55| 6.69
Peat from Modium................ 4.44| 2.93/58.14( 7.49| 1.45| 1.33[12.88| 2.29
Peat soil from Sandefjord......... 86.20( 0.55! 6.09| 0.45| 0.23| 0.04| 7.39| 0.66
Peat soil from Larvick............ 85.13( 0.59| 6.69| 0.54| 0.23| 0.04] 8.07| 0.59
Peat soil from Aas................ 90.21| 0.39| 4.88| 0.36] 0.17| 0.06| 7.38| 1.23
Soil from Aas..................... 81.53| 0.74| 9.21| 0.70| 0.32| 0.12{ 7.60| 1.30
Soil from Telemark............... 90.72( 0.32| 5.60{ 0.10} 0.16| 0.04| 1.79| 0.71
Soil from Lauchstadt.............. 94.99| 0.15| 1.94| 0.09| 0.12| 0.03| 4.64 1.55
Chernozem soil.................... 84.37| 0.53] 6.11] 0.36( 0.23| 0.05| 5.89| 0.82

Michelet and Sebelien (706) reported (table 20) that from 1.79 to
7.60 per cent of the total carbon of humus in mineral soils is pentosan
carbon; in the case of humus in peat and peat soils, from 7.38 to 12.88
per cent of the total carbon is present in pentosan. Various soils and
peats also contain appreciable amounts of methyl pentosan, which may
exceed in some cases the content of pentosan. A large portion of the
total pentosans which reach the soil in stable manures and in plant
residues is rapidly decomposed; however, the soil humus may still con-
tain appreciable amounts of this carbohydrate. The percentage of
the total humus carbon recovered as pentosan carbon in experiments
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cereal plants and grasses, they comprise only a small fraction of the
hemicelluloses in the humus of mineral soils and peats. A lowmoor
peat, practically free from cellulose, was shown (1240) to contain 11.03
per cent total hemicellulose, as determined by the formation of reducing
sugar on hydrolysis with hot dilute mineral acid; of this only 2.52 per
cent was pentosan. A highmoor peat, containing 12.35 per cent cellu-
lose and 15.76 per cent hemicellulose, had only 3.60 per cent pentosan.

The pentosan content of the humus in a forest soil profile was found
to vary with forest type and profile layer (table 22). In the case of a
hardwood-spruce forest the pentosans made up 42 per cent of the
total hemicellulose in the F layer and 23 per cent in the H layer; in

TABLE 21
Pentosan content and degree of decomposition of organic matter in a peat profile (638)
DEPTH OF PEAT PENTOSAN HEXOSBAN _P_;:;’:%S szﬁgﬁgglgzn
cm. per cent per cent
0-10 12.4 37.5 1:3.0 17.4
10-30 14.0 38.8 1:2.8 13.2
30-55 12.4 36.9 1:3.0 17.9
80-100 12.3 36.4 1:3.0 20.0
130-160 5.7 20.0 1:3.5 57.8
160-190 5.3 18.0 1:3.4 61.8
190-220 4.3 16.0 1:3.7 66.6
220-250 3.2 16.5 1:5.1 67.6
250-280 3.2 13.1 1:4.0 73.2
280-310 2.8 10.4 1:3.8 78.2
310-340 2.7 12.4 1:4.6 73.5

the case of a spruce forest with undergrowth of hypnum moss the cor-
responding concentrations were 26 and 21 per cent. Here, as well,
the proportion of the pentosan to the other hemicelluloses is narrower
in the more decomposed layers. These results are due either to the
fact that the pentosan disappears more rapidly than the other hemi-
celluloses or, more probably, to the fact that the furfuraldehyde ob-
tained on treating humus with 12 per cent hydrochloric acid is not
derived entirely from pentosan and may come from totally different
humus constituents. Although the pentosans may actually diminish
more rapidly than the other hemicelluloses during the decomposition
of the plant residues, certain new hemicelluloses become synthesized
by the microorganisms.
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. Uronic acid complexes. The uronic acids, of the general formula
CeH 00+, are not found to any large extent in a free state in any of the
plant and animal residues added to the soils or to composts; they are,
however, abundantly distributed in these residues, in the form of com-
plex molecules, usually designated as ‘‘polyuronides.” These either
form polymers of a single uronic acid or more commonly of uronic
acids with hexose or pentose sugars or both. They are found among
the plant products in the form of pectins, gums, and mucilages; they
are especially abundant in the microbial gums and slimes. Their pres-
ence in humus is due to their introduction in plant residues and to their
extensive synthesis by microorganisms. The uronic acids in these
polyuronides consist chiefly of glucuronic, galacturonic, and mannuronic
acids. On boiling a uronic acid with HCI, furfural is liberated, after
the molecule passes through the pentose stage, as shown by the fol-
lowing reactions:

CeH1007 = CsH1005 + CO.
Uronic Pentose
acid

CsH1005 = CsH.O- -+ 3 H.O
Pentose Furfural

Shorey and Martin (1017) found that the carbon dioxide produced
from the uronic acid complexes in humus varied from 0.07 to 0.41 per
cent in the case of mineral soils, and from 1.69 to 1.80 per cent in the
case of peats. On the basis of 37 per cent total carbon in the uronic
acid molecule, the relative concentration (per cent) of uronic acid
carbon to the total organic carbon in the humus may be calculated to
be 12.8 to 28.4 in the mineral soils, and 5.15 to 9.25 in the peats. The
quantitative determination of uronic acid in these analyses was carried
out by treating 25 gm. of soil or 10 gm. of peat with 200 cc. of a 1 per
cent HCI solution, heating the flask to boiling and keeping it at that
temperature for 1 hour in a current of air freed from COg, then removing
the CO: by absorption in barium hydroxide solution; this CO: was
assumed to be derived from carbonates. Enough HCIl was then added
to make the solution 12 per cent HCI, the flask was placed on an oil
bath and heated, at 140°-145°C., for 5 hours, and the CO; was absorbed
in fresh barium hydroxide solution. This CQ; is liberated from the
uronic acid groups, according to the foregoing reaction. The furfural
yield is not quantitative, however, because of the incomplete decarboxy-
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lation of the uronic acids. The relation between the furfural yield
and the theoretical amount calculated from the uronic acid content of
peat was found to be 49 to 57.5 per cent. These experiments empha-
sized the fact that what has been formerly considered as pentosan in
soil may consist largely of uronic acid complexes, existing in humus
in combination with other compounds and not in a free state.

TABLE 22

Relation of uronic acids to total hemicelluloses in fresh plant materials, in composts,
in peats and in soil (1236)

Per cent of dry material

HYDROLYSIS
WITH HOT
DILUTH ACID PEN-~
aam | —————| =osix | vrowe
NATURE OF MATHRIAL CONDITION :gg; Eeoxf:lai}- TOTAL | ANAY -
cellu. | Fen- | MATE-| DRIDE
lose tose RIAL
(sugar sugar
x 0.9)
Osk leaves { Fresh 5.1 20.1|11.8|11.7 | 11.5
"""""" Decomposed 3 years | 16.5 | 10.9 5.5 7.1 12.3
Fresh 4.21250(122.3|128.5| 4.6
Rye straw............ Decomposed 3 years | 17.9 | 14.0 | 9.2 |1 10.5 | 4.6
(nutrients added)
Lowmoor peat......... Florida, Everglades 6.9| 9.2 5.1 6.6 | 9.7
Highmoor peat......... Orono, Maine 231266 9.7(11.9| 15.6
Needles 2.7 20.9 8.5 6.4
Litter* 4.0 | 20.7 9.8 7.0
Pine forest soil F-layer* 13.0 | 15.8 76| 7.7
"""" 1| H-layer* 19.0 | 13.5 5.7 7.6
A; horizon* 75.0 | 11.8 4.5 9.2
B;: horizon* 91.2 9.1 2.3|324
Manured soil........... Unlimed* 10 .4 84 (19.2
Unmanured soil........ Unlimed* 5.8 4.6 | 31.7
Manured soil........... Limed™ 7.7 53(12.9
Unmanured soil........ Limed* 5.3 4.1 20.0

* Calculated on ash-free basis.

The results presented in table 22 show that with the decomposition
of plant materials a progressive diminution in the pentosan content
and a relative increase in uronic acid complexes occur. The nature of
the soil, fertilization, and treatment have an influence upon the uronic
acid content of humus. This is brought out in a striking manner in
the case of the pine forest profile; with the advance of decomposition,
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the humus gradually becomes enriched in uronic acid complexes.
Liming of soil, both manured and unmanured, results in a marked re-
duction in its uronic acid content.

Hezxosans. In addition to the pentosans and uronic acid complexes,
humus of soils, peats, and composts also contains hexosans which are
usually classified with the hemicelluloses. The hexosans are quite
distinet from cellulose since they are more readily hydrolyzed with dilute
acids and upon hydrolysis give sugars other than glucose, such as man-
nose, galactose, and levulose. Glucose may also be formed as a hy-
drolytic product, as in the case of the dextrans or glucans found in the
mycelium of fungi. The hexosans in humus are derived partly from
plant residues and are partly synthesized by microorganisms. It is
doubtful whether they exist to any large extent in humus in a free state;
they are probably combined there with other complexes, such as uronic
acids, to give more complex hemicelluloses.

On hydrolysis of highmoor peat with dilute acids (1 per cent sulfuric
for 1.5 hours at 130-135°C.), von Feilitzen and Tollens (285) obtained
the following sugars: mannose, galactose, levulose, and pentose, which
corresponded to the hemicelluloses mannan, galactan, levulan, and
pentosan or polyuronide. Information concerning the occurrence of
hexosans in humus of forest soils, as well as in field and garden soils,
is very limited; there is no doubt that they occur there, because of the
fact that the plant residues, especially the products of certain trees
and lower forms of life, such as mosses and algae, are rich in these
carbohydrates. Hexosans occur in marine humus as a result of their
abundance in the cells of marine algae; such material offers large stores
of natural material for further investigation of the hexosans.

Cellulose. 'The presence of cellulose in peat was first demonstrated
by von Feilitzen and Tollens (285). Its relative concentration was
found to diminish with depth of peat and with the extent of its decom-
position. The sphagnum plants of a highmoor peat contained 21.11
per cent cellulose; the peat produced from this sphagnum contained,
at a depth of 20-100 cm., 15.20 per cent cellulose and, at 100-200
cm. depth, only 6.87 per cent. This points to a marked reduction of
the cellulose content in humus with the advance of decomposition.

A number of different methods have been employed, since this early
work, for measuring the cellulose content of humus in peats, soils, and
composts. Oden and Lindberg (784) treated peat with ether, sulfurous
acid, and ammonia, under pressure, then extracted the cellulose from
the residue by means of Schweizer’s reagent. Marcusson (677) fol-
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lowed the ether and benzol-alcohol treatment by 1 per cent sodium
hydroxide solution, then with chlorine and sodium sulfite, according
to the method of Cross and Bevan; the cellulose content and the pen-
tosan content of the residue were then determined. Peat was thus
shown to contain 6-13 per cent pentosan and 7—15 per cent cellulose.

According to Hess and Xomarewsky (427), the cellulose measured
by these procedures cannot be considered as true cellulose. They
extracted air-dry highmoor peat with ether and with benzol-alcohol,
the first reagent removing 6 per cent and the second 10 per cent of the
total peat. The residue was then treated with 1 per cent sodium
hydroxide solution and shaken, the alkali being renewed at various
intervals, until the solution was no longer colored; this reagent removed
49 per cent of the peat. The residue was now treated eight successive
times with chlorine dioxide followed by 2 per cent sodium hydroxide
solution, to remove the coloring substances and the lignin (953); this
resulted in a loss of another 23 per cent of the constituents of the peat.
The residue still contained some ash and represented impure cellulose;
it was dissolved in ammoniacal copper solution, and the cellulose was
precipitated with a dilute alcoholic solution of acetic acid; the precipi-
tate was washed with dilute acetic acid, alcohol, and ether. The prepa-
ration thus obtained proved to be pure cellulose. It made up 10 per
cent of the total air-dry peat.

Komarewsky (560) also established that the cellulose content of
peat diminishes with depth. He believed that the amount of cellulose
found in peat can be taken as an index of the degree of decomposition
of the peat. This method is as inapplicable as a similar method previ-
ously proposed by Keppeler (538). The nature of the peat influences
its cellulose content as much as does its age or the extent of its decom-
position; lowmoor and sedimentary peats contain no cellulose or only
traces of it, whereas highmoor peats contain large quantities of cellu-
lose. On removing the hemicelluloses first, by prolonged boiling with
dilute mineral acid, then treating the washed and dried residue with
72 or 80 per cent sulfuric acid in the cold, the cellulose will be hydro-
lyzed to glucose. The amount of glucose thus obtained may be con-
sidered as a fairly accurate index of the cellulose content of peat. Even
if this procedure does not yield pure cellulose, the method is satis-
factory for practical quantitative purposes (289, 318).

The humus of forest soils, especially the upper layers, which are in
an active stage of decomposition, contains considerable quantities of
cellulose, as shown in table 18. The F layer, which is just below the
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litter, is found to contain 8.37 to 10.57 per cent of cellulose; however,
the H layer, in which the structure of the original plant constituents
can no longer be recognized, contains only small amounts of cellulose,
ranging from 2.84 to 6.20 per cent of the total humus.

As to the presence of cellulose in humus of mineral soils, it is suffi--
cient to refer to the results of Pichard (822a), who found (table 26)
that manured as well as unmanured soils, with a total carbon content
of 2.55 to 4.79 per cent, contained 7.08 to 8.40 per cent cellulose, on
the basis of the total humus. The manuring of the soil was found to
exert little influence upon its cellulose content. The pentosan content,
however, was markedly affected by the manure treatment, the respec-
tive content of pentosan in the humus of the unmanured and manured
soils being 3.32 and 13.07 per cent.

NITROGENOUS SOIL CONSTITUENTS

The nitrogenous complexes of soils and peats are predominantly
organic in nature. The inorganic or mineralized forms of nitrogen
make up only a fraction of a per cent to 2 or 3 per cent of the total;
a part of this nitrogen is usually present in the form of nitrate and a
part as ammonia. Since the total nitrogen in most forms of humus is
about 5.0 to 5.5 per cent [2.54 to 6.43, according to Eggertz (253)],
the nitrogenous complexes, calculated as protein, make up about one-
third of the total humus in ordinary field and garden soils, as shown
in table 19. In the case of peats, the protein content of the humus
may be as low as 6 per cent for highmoors, and as high as 28 per cent
for sedimentary peats. In forest soils, the protein content increases
with an increase in the degree of decomposition. In composts of stable
manure, the ammonia nitrogen may be very high at the early stages
of decomposition; it gradually diminishes with the advance of decom-
position and is transformed into organic compounds, through the syn-
thesizing activities of the microorganisms, which are active in the de-
composition processes. .

The nitrogenous constituents of humus give, on hydrolysis, amino
acids and acid amides. Hot hydrochloric acid will extract as much as
75 per cent of the total nitrogen in the humus; boiling water usually
removes only 3 to 10 per cent of the nitrogen. ‘‘Humic acid’”’ or
a-humus preparations from soils and from lowmoor and sedimentary
peats, obtained by precipitation of the alkali extract with a mineral
acid, are usually found to contain 2 to 4 per cent total nitrogen.

The products of hydrolysis of the organic nitrogenous complexes
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in humus can be conveniently divided into four groups: 1. amide
nitrogen, 2. basic or di-amino nitrogen, 3. mono-amino nitrogen, and
4. “humin’ nitrogen.

The amide nitrogen is measured by the amount of ammonia formed
during the acid hydrolysis of humus. It is possible that some of the
ammonia is liberated from other unknown constituents of the humus
by the magnesium oxide used in determining the ammonia. The di-
amino nitrogen is measured from the precipitate obtained from the
acid hydrolyzate of the humus with phosphotungstic acid; this fraction
includes arginine, histidine, lysine, and cystine, in addition to some un-
identified nitrogenous bases which are also precipitated by this reagent.
The mono-amino nitrogen is commonly determined by the Van Slyke
method, which involves the measurement of the volume of nitrogen
gas liberated on diazotizing the hydrolyzate with sodium nitrite; ac-
cording to Shorey (1014), the only certainty that exists, in the case of
humus, is that this fraction contains amino compounds which lose
nitrogen on diazotization at room temperature. When the acid hy-
drolyzate of humus is made alkaline with magnesium or calcium oxide,
a precipitate is formed, the nitrogen fraction of which is designated
“humin nitrogen.”’” This nitrogen may be partly a secondary product,
which results from the polymerization or condensation of some of the
primary products of hydrolysis. The pentose-yielding constituent of
humus liberates furfural when heated with acid; this furfural then re-
acts with certain amino compounds to give condensation products.
Frequently that part of the nitrogen which is left in the humus unhy-
drolyzed by acid is also included in the ‘‘humin nitrogen’’ fraction,
largely on account of the fact that the early designation of ‘“humin”
was attached to the most resistant part of humus. This term has
thus played its part in the confusing nomenclature of humus com-
pounds. KXossel (575) applied the term ‘‘melanoidinic acid’ to the
mixture of dark colored substances formed on treatment of proteins
with mineral acids. In some cases the ‘“‘black insoluble humin’’ formed
during protein hydrolysis from the tryptophane group was differentiated
(356) from the ‘‘soluble humin’’ derived from tyrosine in the presence
of formaldehyde. As much as 3.95 per cent ‘‘humin nitrogen’” was
found in blood meal and 15.79 per cent in alfalfa hay (369).

The total amount of humus nitrogen made soluble by hydrolysis
with mineral acids and the nature of the hydrolytic products are influ-
enced by the nature and concentration of the acid, by the temperature
at which hydrolysis takes place, and by the time of hydrolysis. Ac-
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cording to Dojarenko (227), 21 to 71 per cent of the nitrogen in humus
is present in the form of amino compounds, 5 to 20 per cent as amides,
and about 2 per cent as ammonia; the total nitrogen content of humus
ranged from 2.6 to 4.6 per cent. Shorey (1007) reported that 78 per
cent of the total nitrogen in soil humus can be brought into solution
by treatment with a mineral acid; more than half of this nitrogen was
in the form of ‘“humin’’ nitrogen, and the remainder occurred as am-
monia, di-amino acid, and mono-amino acid nitrogen. Jodidi (499)
heated a lowmoor peat with 25 per cent sulfuric acid solution and
measured, at frequent intervals, the relative amounts of total and amino
nitrogen, as determined by the Van Slyke method, brought into solu-
tion. Continued heating not only increased the amount of nitrogen
brought into solution but it also resulted in the further hydrolysis of
the dissolved nitrogen compounds. The relative concentrations of
the various forms of nitrogen in solution were as follows:

per cent
- 1 5¥ o 4 Uo3 o 72 Y7 O 1.22- 1.97
Nitrate. ..o e e e e 0.07- 1.46
Acid amides. . ... ..o e 25.23-33.03
Di-amino acids. . ... .o 11.61-13.00
Mono-amino acids. .. . ... ... ... 22.20-55.66

Soils receiving organic fertilizers were found to contain the largest
amounts of amide nitrogen. A soil treated with a 2 per cent sodium
hydroxide solution gave only 49 to 68 per cent of its total nitrogen
in the form of amino acids, as determined by Sérensen’s procedure
(175). Composting of peat usually results in a decrease in its amide
and di-amino nitrogen and in an increase in the water-soluble forms
of nitrogen.

In general it was found that only 65 to 75 per cent of the total nitro-
gen in the humus can be brought into solution by repeated and pro-
longed treatment with concentrated acids. Shmook (1006) found that
21.2-25.5 per cent of this nitrogen was in the form of amide, 13.02—
14.72 per cent as di-amino, and 60.6—65.0 as mono-amino nitrogen.
The arginine and lysine accounted for 82.5 per cent of the total di-
amino nitrogen, while the mono-amino acids accounted for 86 per cent
of the total mono-amino nitrogen. Different soils behaved differently,
a lateritic soil giving a much larger amount of ‘“‘humin’ nitrogen of
non-protein origin. ‘“Humic acid’ isolated from soil by extraction
with a dilute alkali solution and precipitation with an acid, contained
60.22 per cent carbon, 3.20 per cent nitrogen, and 2.62 per cent ash.
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About 45 per cent of the nitrogen in the preparation was hydrolyzed
with hydrochloric acid; the nitrogen in the hydrolyzed fraction consisted
of 25.35 per cent amide, 9.86 per cent di-amino acid, and 64.79 per cent
mono-amino acid compounds.

The organic nitrogen in the humus of some Hawaiian soils yielded,
upon hydrolysis with strong hydrochloric acid (536), 23.91 per cent
amide, 9.98 per cent di-amino, and 64.57 per cent mono-amino nitrogen.
Similar results were reported by other investigators (844, 728), as shown
in table 23; the term ‘“humin’ is used here to designate that part of
the nitrogen which remains in the residual material after acid hy-
drolysis.

TABLE 23
Nilrogen distribution in the organic matter of peat (728)
Per cent of total nitrogen

FRACTION smi;;‘ilrjm Eg’:;rcfgg océ: %‘;411?:1-: SMUCK”
SUBSOIL PRAT

Ammonia N* ... ..., 23 .27 25.52 19.26 19.49
Total basic N...... ... .o, 9.73 10.98 10.60 13.55
Basicamino N........................ 5.26 7.29 6.35 9.13
Non amino basiec N................... 4 .47 3.69 4.25 4.42
Total non-basic N.... ................... 43 .00 38.96 42 .40 38.81
Non basicamino N................... 40.45 33.82 39.46 33.82
Non amino non basic N................ 2.55 5.14 2.94 4.99
Total humin N............ ... ciiviv... 26.38 26.96 26.07 27.61

* Derived from the amides.

Remezov (876) found that the use of 5 per cent hydrochloric acid and
a temperature of 200°C. in an autoclave, gives more uniform results.
The nitrogen in the humus was thus separated into three groups: 1.
water-soluble organic compounds, 2. acid hydrolyzable, and 3. acid
non-hydrolyzable. The first group comprises 4 to 30 per cent of the
total nitrogen; it depends upon the total organic nitrogen in the soil
and upon the exchangeable cations; the higher the nitrogen content
of the soil and the greater the relative abundance of mono-valent ca-
tions over the divalent, the greater is the percentage of water-soluble
forms; this is the most readily decomposable fraction. The second is
characteristic for different soil types, the amide form of nitrogen pre-
dominating in the gray and podsol soils, but not in the chernozems
and peat soils; some of the chernozems are characterized by a high
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mono-amino and a low di-amino acid content. The third form of nitro-
gen represents the oldest part of the organic matter and does not show
any correlation with soil type.

The nitrogen distribution in different forms of humus is thus found
to be rather uniform. This is a phenomenon characteristic of humus,
in which the nitrogenous complexes are quite different from those of
plant and animal proteins. The percentage of acid amide and humin
nitrogen is much larger in the humus proteins, and the amount of di-
amino and mono-amino nitrogen is smaller than in the common pro-
teins (900). When protein-rich material is added to soil, the various
nitrogenous constituents are not decomposed at the same rate; some
are reduced rapidly while others accumulate, as shown in table 24.

TABLE 24

Rate of decomposition of the various nitrogen constituents in dried blood added to
sotl (612)
Per cent of total hydrolyzable portion of residual material

TIME OF INCUBATION, DAYS
FORM OF NITROGEN
0 18 44 86 148 240
Amide..................... 7.01 9.56 | 14.84 | 22.56 | 19.47 | 19.25
Melanin.................... 4.77 6.38 | 10.77 9.45 7.66 | 10.91
Arginine................... 7.60 6.48 7.49 7.18 7.57 8.33
Histidine.................. 13.37. | 16.28 | 13.66 | 12.10 | 13.42 | 12.01
Lysine..................... 10.09 9.55 2.71 1.78 2.98 5.81
Mono-amino acid........... 58.22 | 50.81 | 45.85 | 37.26 | 44.75 | 42.92
Non-amino................. 0.31 1.41 4.13 9.10 4.16 1.77

When dried blood was added (611) to the soil, there was a loss of 83.26
per cent of the total hydrolyzable nitrogen in 240 days, 76 per cent hav-
ing disappeared in 86 days. Of the mono-amino acid nitrogen, 89
per cent disappeared during the longer period. The lysine was de-
stroyed to the extent of 96 per cent within 86 days, but later increased
somewhat; 83 per cent of the histidine nitrogen disappeared in 240
days; the arginine at first decreased more rapidly than the total hy-
drolyzable nitrogen, but later increased. The amide nitrogen dimin-
ished only slowly, so that at the end of the decomposition period, there
was a considerably greater concentration of this form of nitrogen than
at the beginning. The mono-amino acids underwent the greatest
amount of decomposition.

Shorey classified the nitrogenous constituents of humus on the basis
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of their solubility in alkalies, acids, and alcohols. The soil is first
treated, for 24 hours, with a 2 per cent sodium hydroxide solution,
then acidified; upon filtering, an extract is obtained free from soil and
from precipitated humus. As shown by the subsequent treatments
indicated in chart 5, the humus is divided into eight fractions. Frac-
tion 1 consists largely of complexes of aluminum, iron, and calcium,
with an admixture of certain organic substances. On dissolving the
precipitate in a small quantity of sulfuric acid and adding 6 to 10
volumes of alcohol, aluminum sulfate is precipitated. If the alcohol
is evaporated, water being added to maintain the volume, and the
suspension filtered, a mixture of resinous and waxy material is obtained,
similar to that of fraction 3. Fraction 2 contains a large number of
compounds, both nitrogenous, such as purine and pyrimidine bases,
and non-nitrogenous, such as fatty acids; the latter can be obtained
by shaking with ether or by precipitating with metallic salts. Frac-
tion 3 contains the least amount of the nitrogen, most of the complexes
found in this fraction being either nitrogen free, or contaminated by
a small amount of nitrogen. Fractions 4 and 5 represent the nitrog-
enous substances which are not dissolved or dispersed in the 2 per
cent sodium hydroxide solution. Two-thirds of these substances are
made soluble by hot hydrochloric acid; this extract is fractionated as
ammonia, mono-amino, di-amino, and humin nitrogen. Fraction 6
gives no more precipitate on neutralization, since the aluminum was
removed in fraction 1. The treatment of the soil with hot alcohol made
possible a further dissolution or dispersion of the material by an alkali
solution; a larger percentage of the nitrogen was obtained in the filtrate.
Fractions 7 and 8 represent the nitrogen of the so-called “humic acid”’
and ‘“hymatomelanic acid’ preparations.

On extraction of soil with a dilute alkali solution for 16 hours, about
50 to 80 per cent of the nitrogen was recovered (450) in the ‘‘non-
humie fraction” (after precipitating the ‘“humic fraction’ with an acid).
Of the non-humic nitrogen, 30-40 per cent was in the form of polypep-
tides, 5 per cent as free amino nitrogen, 12 per cent as ammonia. The
peptides are largely colloidal and are precipitated by basic lead acetate
and by phosphotungstic acid. The remaining 40-50 per cent of the
non-humic nitrogen was mainly non-basic and was precipitated by basic
lead acetate. These nitrogen complexes were believed to be incorpo-
rated in the humic-clay gel, so that they go into solution only when the
humic matter is dissolved, and in proportion to the latter.

The results obtained by these procedures point to the complexity of
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the nitrogenous substances in humus and to the possibility of their
separation for further study. They establish beyond doubt the pro-
CHART 5. Distribution of nitrogen forms in the humus of a Maine soil (Shorey)

Per cent of total nitrogen in various fractions

Alkali extract of sotl, acidified and filtered

Acid filtrate, Soil and ‘“‘humic acid”’
neutralized and filtered precipitate treated with
| hot alcohol
1
f [}
[ l .
Precipitate, 5.04 Filtrate, 3.15 Alcohol solution, 0.31

Residue, insoluble in
alcohol, treated with
2 per cent NaOH and

filtered
1

Humus in solution, Humus, insoluble

acidified and filtered in NaOH, boiled
in 30 per cent
HCI, filtered

! |
Filtrate, 17.47 Insoluble in Soluble in

HCI, 11.04 HCI, 22.93

“Humic acid”’
precipitate, dis-
solved in NaOH

and 2 volumes

alcohol added,
filtered.
! )

Insoluble, 25.87 Soluble, 14.19

tein nature of these complexes. The next question which arises is
whether this protein exists independently in the humus or whether it
is intimately connected with other substances, thus accounting for
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the resistance of the proteins to decomposition by microorganisms.
Further, the fact that the humus protein is not acted upon by the
proteolytic enzymes, as shown by Boysen-Jensen for marine humus
(144) and by Hobson and Page (451, 452) for soil humus, points to its
presence in humus in a combined state. It has actually been deter-
mined that protein forms humus-like complexes with lignin, as will be
shown later.

LIGNIN-LIKE COMPLEXES IN HUMUS

The presence of lignins and lignin-like substances in the humus of
soils, peats, and composts is definitely established. The relation of
these complexes to the major portion of humus, namely, the so-called
“humic acid’”’ complexes or ‘“humic matter,”’ is of the greatest impor-
tance for an understanding of the origin and chemistry of humus, as
has been pointed out (p. 109).

Most of the methods proposed for the determination of lignin in
plant materials are based either upon its insolubility in concentrated
hydrochloric acid (41 per cent) or sulfuric acid (66-80 per cent), or
upon its solubility in hot alkali solutions, or upon its characteristic
methoxyl content (519, 323, 598, 318). Various other methods have
been suggested, such as oxidation with chlorine dioxide, solubility in
sulfurous acid, and oxidation with ammoniacal solution of hydrogen
peroxide, but each of these methods is open to criticism, since substances
different from lignins are also thus oxidized and removed. The ma-
jority of these methods have also been used for determining the amount
of “humified” organic matter in soils and in composts. If one has to
exercise exceptional care in the use of these methods in the analysis
of plant substances, the chemistry of which is more or less understood,
it should be emphasized that particular care is indispensable for the
. profitable application of some of these methods to the analysis of humus,
the chemistry of which still presents many puzzling problems. In
the case of plant substances, especially wood and straw, which are
low in protein, hot alkali solutions are frequently used to extract the
lignin; this is then precipitated with an excess of hydrochloric acid;
some of the hemicelluloses which are also extracted by this procedure
can be hydrolyzed and removed from the precipitate by boiling the
acidified extract. In the case of humus, however, alkalies extract, in
addition to the lignins and modified lignin complexes, a number of
different other substances, especially the proteins; it is difficult, there-
fore, to differentiate between lignin of plant origin, the lignin-like
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complexes formed through the agency of microorganisms, the substances
produced by the oxidation and partial transformation of lignins, and
the compounds produced by the interaction of the lignins with the
proteins. The differentiation between lignin and ‘“humus’ based on
the insolubility of the former and the solubility of the latter in cold
ammonium hydroxide solutions (371) still leaves room for speculation
concerning modifications that the lignin molecule undergoes during
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F1c. 8. Methoxyl transformation of different soils throughout the year as a
result of decomposition of organic residues (Balks).

the decomposition of plant residues, which would render it soluble in
this reagent.

The occurrence of lignin in humus can be demonstrated by a number
of procedures which are based upon the chemical properties of lignin;
namely, its aromatic structure, methoxyl content, and others. Hoppe-
Seyler (459) isolated from humus, the ring compounds pyrocatechuic
acid and pyrocatechin. This was later confirmed (907). The presence
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of some amounts of methoxyl in the humus of soils and peats, ranging
from 0.59 to 1.55 per cent of the total carbon in the soils and 2.29 per
cent in the peats was also established (706), as shown in table 20.
The methoxyl content of soil was shown (64) to first increase as a re-
sult of addition of manure and then to decrease gradually (fig. 8).
It was actually suggested that the abundance of lignin in soil be deter-
mined by multiplying the methoxyl content by the factor 6.25. The
course of transformation of the pentosan and lignin (measured by the
methoxyl content) in the decomposition of manure in soil is illustrated
in table 25 and figure 9. Further details have been reported previ-
ously (p. 123).

TABLE 25

Influence of manure upon the pentosan and methoxyl content of soil (62)

1000 PARTS OF CARBON IN SOIL

DATE Carbon in Carbon in

form form

of pentosan of methoxyl
Before manuring. .. .........ccoiitiiieinrinennnnnns 40.2 11.9
1/21/24, after manuring. . ......... .. ... .. ... 70.1 18.8
A/ T/24. . . et e 55.8 15.8
6/ 2/ 24 . . . e e e e 41.9 13 .4
11/ /24 . . it e e e e 37.0 15.0
/28 28 . e e e et e 36.2 13.8

In the case of humus-rich natural materials, with a comparatively
low ash content, such as peats, surface layers of forest soils, and com-
posts, the abundance of lignin can best be determined by treating the
material with concentrated mineral acids, such as 72 to 80 per cent
sulfuric, in the cold, thus removing all carbohydrates and most of the
proteins; the lignin, in addition to some ash and nitrogen, is left in the
residue. Keppeler (538) found that with an increase in age of peat,
such as increasing depth of a profile, there is an increase in the amount
of organic matter which is not acted upon by 72 per cent sulfuric acid.
This confirms Fischer’s results (p. 112) on the increase in methoxyl
content with depth of peat. A comparison of the abundance of lignin
in plant materials and in peat formed from such plants showed a marked
increase (1240) with the advance in the decomposition of the peat.
As much as 56 to 62.6 per cent of the total organic matter in a lowmoor
and woody peat was found to be composed of lignin or lignin-like ma-
terials (lignin-humus). These results were confirmed (289) when high-
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moor peat was shown to contain 18 to 28 per cent of the lignin-humus
complex, and woody and lowmoor peats, 35.6 to 68.5 per cent.

The presence of lignin or modified lignin complexes in forest soils
can also be demonstrated by the same methods of analysis. The re-
sults presented in table 36 show that this complex makes up 41.7 to
45 per cent of the total organic matter in the ¥ layer of raw-humus
soils and 43.4 to 57.3 per cent of the H layer, increasing rapidly with
an advance in the decomposition of the forest litter. The presence.of
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Fia. 9. Accumulation of nitrogen and methoxyl in soil humus as a result of
addition of materials of varying C/N ratio; see Fig. 5 (Jensen).

lignin in forest soils has also been demonstrated by a different method
of procedure (372).

Lignins and lignin-like complexes occur also in field and garden
soils. The results given in table 19 show that 35 to 55 per cent of
the humus in such soils is made up of this group of substances. The
same is true of the humus in lake bottoms, in river bottoms, and in
marine muds.

RATIO OF CARBON TO NITROGEN IN HUMUS

Among the numerous puzzling phenomena concerned with the origin
and chemical nature of humus is the more or less definite ratio existing
between the carbon and nitrogen in certain forms of humus, especially
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in the humus in field and garden soils and in marine muds. Although
humus is highly complex in chemical composition and although it
contains a great number of definite organic compounds, it does not re-
present a mere bewildering variety of substances without any special
cause or system; one need not, therefore, suspect that every soil or
marine bottom formation has a special type of humus of specific chem-
ical composition. On the contrary, humus as a whole is characterized
by certain specific physical, chemical, and biological properties that
distinguish it from other forms of organic matter in nature, even if
certain qualitative and quantitative differences are found between
bhumus types formed under different conditions.

The fats, waxes, and resins of the soil; the carbohydrates and the
proteins; the lignins and the lignin-like complexes,—all have their
counterparts in plant material, although the corresponding groups
may not be identical in chemical composition. This variation is asso-
ciated with the transformations of the complexes of plant origin in
the soil through the activities of microorganisms; some of the plant
constituents become completely decomposed, others are modified to a
greater or less extent, and still others are only slightly attacked; these
processes are also accompanied by the synthesis of new complexes
(fats, carbohydrates, proteins, and even lignin-like compounds) by the
microorganisms.

One of the most important and characteristic properties of humus
is its nitrogen content, a property almost entirely overlooked by many
of the students of humus chemistry. As long as it was considered that
humus was composed of a few simple ‘“humic acids’’ and as long as the
latter, according to the various hypothetical formulae, were believed
to contain only carbon, hydrogen, and oxygen, the nitrogen in the
humus received little, if any, attention. In most instances, the nitro-
gen was looked upon as an impurity; however, as soon as its occurrence
in humus was shown to be a characteristic property of the latter, its
origin and relation to the other elements received greater consideration.
The most important discovery made in this connection was the fact
that there exists a more or less definite relation between the carbon and
nitrogen contents of humus in field and garden soils. According to
Dehérain (211), Boussingault demonstrated that the carbon-nitrogen
ratio of cultivated soils varied from 8.0:1 to 12.2:1, with an average of
9.5:1; a pasture soil gave a ratio of 7.9:1. Dehérain himself found
that this ratio varies from soil to soil, depending upon soil treatment;
in the case of the experimental plots at Grignon, the well-manured soil



180 ORIGIN AND NATURE OF HUMUS

had a C:N ratio of 7.5:1 to 8.9:1 and the unmanured plot had a ratio
of 4.3:1. A much wider ratio was obtained by Warington (1252) for
the Rothamsted soils: the one receiving ammonium salts had a C:N
ratio of 10.4:1-10.6:1; the plot receiving stable manure, a ratio of
11.5:1; and the plot in permanent pasture, a ratio of 13.0:1.

Stewart (1095) found that the C:N ratio of certain brown silt loam
soils of Illinois was 12.1:1 for the surface layer, 11.5:1 for the sub-
surface layer, and 8.9:1 for the subsoil; in the case of black clay loam
soils, the corresponding ratios were 11.7:1, 11.9:1, and 9:1. The con-
clusion was reached that the carbon-nitrogen ratio of the soil tends to
become narrower as the age of the humus increases. The nitrogen-
phosphorus ratio also varied in the two soils, being 13.5:1 for the silt
loam and 11.4:1 for the black clay loam. Both of these observations
point definitely to differences in the chemical nature of the humus
in different soils.

These results were substantiated by a number of investigators. The
C:N ratio for the surface layer of Texas soils was found (309) to be
9.2:1 and for the subsoil 8.3:1. This ratio was reported (1026) to be
influenced not only by depth of soil but also by the amount of precipi-
tation. An average of eight soils in the northwestern part of the
United States gave a C:N ratio of 12.5:1 in the surface 6-inch layer,
9.6:1 in the soil layer taken at a depth of 12 to 14 inches, 8.9:1 at a
depth of 24-36 inches, and 9.1:1 at 3648 inches below the surface.
Soil with a precipitation of 15 inches of rainfall or more had a C:N
ratio of 13.1:1, while with a rainfall of 10 inches or less, the ratio was
11.1:1. The treatment of the soil was also of importance. The C:N
ratio of soils in arid regions was 11:1, although the first foot contained
2.24 per cent humus and the second foot 1.62 per cent (5610). Similar
results were obtained for a number of other soils in different regions
of the world (474, 156, 481, 690, 1136), as brought out in figure 10.

It was soon shown, however, that the ratio of carbon to nitrogen in
humus is not a constant quantity. The range of variation for fifty
British soils was shown (691) to be 6.5:1 to 13.56:1, with an average
approximating 10.0:1. The high ratio for the surface soil layers was
believed to be due to the presence of undecomposed plant remains.
Leighty and Shorey (617) found that although the C:N ratio of a large
number of soils varied from 3.5:1 to 35.1:1, the common ratios fell
between 7:1 and 15:1. The ratios were widest in the surface soils,
becoming narrower at lower levels. A wide C:N ratio, such as 20:1,
indicates that the organic matter has not undergone extensive decom-
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position and that a fair supply of organic matter is available for rapid
development of microorganisms, whereas a narrower ratio, such as
10:1 or less, tends to show that the humus is in an advanced stage of
decomposition and is only slowly available for further microbial de-
composition. A knowledge of the C:N of plant residues, as well as
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Fi1a. 10. Carbon and nitrogen content (per cent) of soils and subsoils in the
Carrington silt loam series; A. surface soils; B. subsoils (Brown and O’Neil).

of soil humus, is essential to enable one to predict the rate of liberation
of nutrients in forms available to higher plants (1027, 935).

Jenny (488) calculated that a definite correlation exists between the
mean annual temperature of a given region and the average total nitro-
gen content of the soil, provided the rainfall-evaporation ratio is con-
stant. The logarithm of the nitrogen content varies inversely with the
temperature, every 10°C. decline in mean annual temperature bringing
about a two- or three-fold increase in the average nitrogen content.
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Jenny (490) has further shown that the C:N ratio of the soil humus
becomes narrower with increasing temperature (fig. 11). Although the
total nitrogen content of the soil was found, in the case of grasslands,
to increase logarithmically with the humidity factor, the C:N ratio,
which was about 11.3:1 in the temperate region, was not affected. The
nitrogen content of the soil was thus shown (489) to be a function of
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Fi1g. 11. Schematic representation' of the widening C/N ratio of soil humus
with decreasing temperature (Jenny).

climate, temperature, precipitation, and evaporation; it was expressed
by the following equation:

N = ¢t (T, H)

N being the total nitrogen of the soil, ¢ the time, T the air tempera-
ture, and A the humidity factor.

The carbon-nitrogen ratio of humus can also be calculated from data
giving the amounts of the various compounds in the humus. The
humus of mineral soils was shown (1223) to consist, on the average, of
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45 per cent lignin-like complexes, 35 per cent protein complexes, 11
per cent carbohydrates, and 3 per cent fats, waxes, and resins. From
calculations using the known carbon contents for these complexes and
assuming 50 per cent carbon for the remaining 6 per cent of the un-
known complexes, the following amounts of carbon and nitrogen can be
shown to occur in soil humus:

Carbon data

CONCENTRA-
COMPLEX élg;l;rl‘%; C:g;;’&;" TOTAL CARBON
per cent per cent per cent
Lignin............. i 45 X 64 = 28.80
Protein........... ... .. 35 X 50 = 17.50
Carbohydrate........................... 11 pat 44 = 4.84
Fats,etc....... ... ... .. ... 3 X 70 = 2.10
Unknown...... ... iniiinnne... 6 X 50 = 3.00
100 56 .24
Nitrogen data
. CONCENTRA- NITROGEN TOTAL
COMPLEX oF :;glzmn IN PROTEIN NITROGEN
per cent per cent per cenl
Protein............cciiiiii i 35 x 16 = 5.6

The average theoretical carbon content of the soil humus is thus
found to be 56.24 per cent, and the average nitrogen content, 5.6 per
56.24

5.6
10.04 per cent; this ratio is very close to the one commonly found in
soils. These calculations also show that the common assumption that
the humus in mineral soils contains 58 per cent carbon is not far from
correct.

Since the relative abundance of the various organic constituents of
humus is influenced by a number of factors, including climatic and
soil conditions; one would expect that both the chemical composition
of humus and the C:N ratio would be different where these factors were
different (463a). It has already been pointed out that with an increase
in depth of soil the carbon-nitrogen ratio of the humus becomes nar-
rower. This is particularly marked in forest soils, where the nitrogen

cent. This gives a theoretical ratio of carbon to nitrogen of
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content of the humus has been found to be much greater in the deeper

horizons (1265) :

RAW LAYER
NATURE OF SOIL LAYER HUMUS +
HARDPAN UNDER SUBBOIL
LEACHED HARDPAN '
SAND
Horizon........... .. ... Al—Az Aa"‘Bl Bz C
Nitrogen content of humus, per cent. 2.08 2.24 3.99 8.44

A detailed discussion of these relationships and further information
on the C:N ratios of different types of humus will be presented later,
in connection with the discussion of specific humus types.

Humus as a whole. A critical examination of the available information
concerning the chemical composition of humus leads one to conclude that
the chemistry of humus resolves itself into a study of the chemistry of
the various constituent groups of humus. Our knowledge of the
chemical composition of plant and animal substances has progressed
from the idea of a vital force and the function of earth, fire, water, and
air to an accumulated knowledge of the various chemical elements and
compounds which compose these complex organisms, depending upon
their specific nature and conditions of nutrition. Similarly, in the
study of humus, one must advance beyond the hypothetical “humic
acids’’ to investigations of the numerous organic constituents of humus.
This involves a study of the fatty and waxy constituents of humus;
of the resinous substances; of the various carbohydrates, especially
the uronic acid compounds and other hemicelluloses; of the lignins and
modified lignin complexes; of the proteins and various other nitro-
genous substances; as well as of the numerous other chemical com-
pounds found in humus.

Humus complexes formed from different plant and animal residues,
under different conditions and by different groups of microorganisms,
vary considerably from one another in chemical composition. One
cannot assume identity in composition of the humus of composts, of
forest soils, of highmoor peats, of lowmoor and sedimentary peats, and
of coal, with the humus of field and garden soils or with that of river
or marine bottoms. The chemical composition of the humus forma-
tions of the same type of peat or forest soil, but produced in different
environments and from different plant associations, may also be dis~
similar. Even the humus materials found in different horizons of the
same peat bog or forest soil will show considerable differences in compo-
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sition because of differences in extent of decomposition and weathering
associated with age. Some of these facts are illustrated further in
table 26, where the relation between the chemical composition of humus
is compared with that of the plant residues from which the humus
originated.

Certain fundamental questions still remain to be answered. What
is the chemical nature of humus in its final stages of decomposition?
Does this also show marked variation in composition or does it come to
a certain chemical equilibrium? These questions can only be answered
after an examination of the results of the compostion of humus in
field and garden soils, in marine bottoms, and in lowmoor peats. Such

TABLE 26
Chemical composition of plant residues, manures and soil humus (822a)
Per cent of total organic matter

ARTIFICIAL HOREE HUMUS
Cummar | MANTEES  |rom | MTMTE e

1 2 ROOMS soIL
Fatty substances................. 1.90 0.73 0.91 0.14 1.12 | 12.00
ResinS.......coovvinuiiinnn.. 4 .48 1.95 4 .83 3.93 2.24 0.44
Pentosans........................ 28.40 | 23.57 | 11.26 | 11.47 4.72 3.44
Hexosans.............coevvuna... 5.05 | 10.81 4.80 3.48) ..... | .....
Cellulose.......ccccv i, 37.35 ) 29.66 | 19.59 | 13.17 2.77 2.98
Lignin................. . iia... 14.35 | 20.76 | 15.54 | 29.60 | 16.42 | 13.65
Soluble ““humic acids’®. ..........| ..... 3.56 | 16.62 | 19.25 | 26.98 | 27 .46
“Humins®.......ocovvvveveennee] vonn. 4.25 5.50 3.50 | 16.95 6.21
Nitrogen................ccun.. 0.41 0.56 1.36 2.42 3.37 2.15

humus is characterized by a low cellulose content and a high protein
content, which points to considerable synthesis of microbial cell sub-
stance. The high content of lignin, which is usually present in the
form of lignin derivatives, is usually designated as “humic substances,’’
“humic acids,” or ‘“pure humus,”” but more correctly as ‘lignin-humus”’
or “humus-lignin.”” This type of humus is further characterized by
a dark color. An examination of the results presented in tables 17,
19, and 26 reveals the fact that the protein and lignin account for 70
to 80 per cent of the total organic constituents of the humus in mineral
soils and lowmoor peats. This makes the chemical composition of
humus quite distinct from that of either plant or animal residues, since
most of the plant residues are characterized by high carbohydrate and
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low protein contents, while the animal residues have high protein and
low lignin contents.

The chemical constituents of humus, exclusive of inorganic con-
stituents, can be divided into two major groups: 1. the proteins and
lignin-like complexes, which account for the major portion of the
organic matter in humus, and 2. the carbohydrates, fats, waxes, or-
ganic acids, alcohols, and other carbon compounds, which account
for a smaller part of the organic matter. The organic complexes of
humus were similarly divided by the use of the older methods of ap-
proach to the chemistry of humus. The adherents of the ‘“‘humic
acid’”’ theory separated humus into ‘“humic acids,’”’ chiefly characterized
by their solubility in alkali solutions, and into ‘‘humins’ and ‘‘crenic
acids’’ or ‘““fulvic acid’’; this corresponds fairly well to the foregoing
system of separation, but not quantitatively, however. The separa-
tion of humus into ‘“humic matter’’ or ‘“humus fraction’”’ and ‘‘non-
humic matter’’ or “non-humus fraction’” (801, 1012) had a similar
basis.

By comparing the processes involved in the transformation of the
individual plant and animal constituents in the formation of humus with
the results presented here on the chemical nature of humus, a concrete
system can be proposed to explain the origin and the chemistry of
humus. The following facts may be considered as having been defi-
nitely established: Humus is a product of decomposition of plant and
animal residues, through the agency of microorganisms. The chemical
composition of humus is determined by the nature of the residues from
which it is formed, by the conditions of its decomposition, and by the
extent to which it is decomposed. Chemically, humus consists of nu-
merous organic complexes, the major group of which consists of lignins
and lignin derivatives and of proteins; a minor group contains carbo-
hydrates, fats, organic acids, alcohols, and other carbon compounds.
The formation and mutual interrelations of these two groups of sub-
stances hold the key to the facts explaining the chemistry of humus.

Hébert (408) and Dehérain (211) were the first to suggest the concep-
tion of humus as a mixture of lignin and protein, the former being the
resistant part of the plant residues, and the latter, a product synthesized
by the bacteria which decomposed the plant residues. Since plant,
animal, and microbial proteins existing in a free state are readily at-
tacked by bacteria, one cannot be dealing with an ordinary mechanical
mixture of lignin and protein in the case of humus; it seems necessary
to postulate the existence of chemical or adsorption compounds.
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According to Hobson and Page (451), the nitrogen in humus is asso-
ciated with ‘“humic matter’”’ in some manner which does not allow its
removal by methods which ordinarily remove physically bound nitrog-
enous impurities. This nitrogen passes through the ultra-filter and
is not salted out by saturated sodium chloride. The nitrogen in artifi-
cially prepared ligno-protein complexes behaves in a similar manner;
the proteins in the natural and artificial preparations of humus are acted
upon by proteolytic enzymes, such as pepsin and trypsin, only to a
very limited extent. On hydrolysis with hydrochloric acid, half of
the nitrogen of the ‘“‘humic acid” was found in the form of amino
nitrogen. This led to the conclusion that ‘“humic acid’”’ isolated from
soil contains proteins or protein derivatives as the principal nitrogenous
constituent. It was suggested that a ‘“salt”’ is formed between the
acidic, negatively charged, non-nitrogenous humic colloid and the basic,
positively charged protein, this salt being similar to that formed between
tannin and protein (247). A salt-like complex of this type, however,
would be broken up in an alkaline solution into its two component parts
and the protein would be subject to hydrolysis by trypsin; the lack of
such hydrolysis was explained by the shielding action of the ‘‘humic
acid.” The association between the non-nitrogenous complex and the
protein would appear to be more intimate than mere ‘‘salt’’ formation
obtained by the mutual precipitation, in acid solution, of the “humic
acid”’ and protein. When alkali solutions of lignin and albumin were
mixed and precipitated together by an acid, the lignins protected the
proteins against bacterial attack; the amino nitrogen distribution (by
the Van Slyke procedure) in this complex was found to be identical with
that of the ‘“humic acid’’ isolated from the soil.

Jensen (494) also mixed alkali solutions of lignin and casein and
precipitated the mixture with hydrochloric acid. The preparations,
containing 3.9 to 4.1 per cent of nitrogen, were added to mineral nu-
trient solutions, inoculated with soil suspensions and incubated for 3
weeks; only traces of ammonia were produced, whereas in the control
solution, containing a corresponding amount of nitrogen as casein,
75—-80 per cent of the nitrogen was changed to ammonia. When the
preparation was added to soil, its resistance to microbial attack was not
so marked, and after 45 days only an insignificant part of the nitrogen
was recovered as humus. 7The conclusion was reached that it did not
seem probable that lignin forms resistant adsorption compounds with
every protein.

Demolon and Brigando (216, 217) found that the humus of cultivated
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soils is able to fix dissolved proteins brought in contact with it. One
hundred grams of humus fixed up to 70 gm. of serum albumin and
even larger amounts of gelatin. However, when the nitrification in
soil of humus obtained from manure (3.37 per cent nitrogen) and that
of the humus-protein complex (6.63 per cent nitrogen) were compared
with that of an equivalent amount of the serum albumin, humus was
found not to increase the amount of nitrate formed in the soil, whereas
the albumin fixed by the colloidal humus nitrified as well as the free
albumin. It was suggested that the stability of humic nitrogen in
soil is due to its specific chemical constitution; the nitrogen in humus is
not comparable to that of proteins but is directly linked to carbon in
the molecule as in a nitrogen ring compound.

The results of the investigations of Page and his associates (247-8,
450-2), on the one hand, and of Demolon, on the other, would lead
one to conclude that although lignin is able to bind proteins and pre-
vent their active decomposition, humus can combine with proteins
but does not form an intimate union and does not protect the protein
from microbial attack; even the first process seems to take place only
under certain specific conditions.

A series of ligno-protein complexes were prepared by Waksman and
Iyer (1232) as follows: alkalisolutions of lignin and protein were mixed,
in the ratio of 3:1 to 6:1, and the mixtures precipitated either by a
mineral acid at pH 4.8, or by such salts as CaCls, MgCl,, FeCls, or
AICl;, at pH 7.0. The preparations were filtered, washed, and dried
at temperatures not exceeding 65°C. A series of complexes were ob-
tained which behaved in most respects, such as color, solubility in
water and in alkalies, chemical reactivity, and resistance to attack by
microorganisms, like the typical ‘“‘humic acid,” ‘“‘humic matter,”” or
a-fraction of humus. It was suggested that, in order to distinguish
these complexes from those found in natural humus, on the one hand,
and the artificial “humus preparations’ obtained from sugar, on the
other, they should be designated as the ‘“humus nucleus.”” The sugges-
tion was also made that similar complexes, or modified forms, constitute
the major portion of humus in soils, peats, and composts.

The physical, chemical, and biological properties of the synthesized
ligno-protein complex and of natural humus are compared in the fol-
lowing summary:
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“*Humic matter’' (a~humus) Humus-nucleus or ligno-
Property in soils or peats protetnates

Nitrogen content 2-3 per cent o 2-3 per cent - "ot
Combination with bases Combines readily £y, ,;’}" Combines readily W

Solubility in water Insoluble - Insoluble

Solubility in dilute alkali Soluble Soluble
solutions

Solubility in mineral acids Insoluble Insoluble

Oxidation by H.O; Readily oxidized Readily oxidized

Oxidation by acetyl bro- Only slightly oxidized Not fully oxidized
mide

Decomposition by micro- Attacked with difficulty Attacked with difficulty
organisms

Influence on microbial Favorable Favorable
processes

The major group of constituents of humus already referred to (p. 183)
may be considered as equivalent to the ligno-protein complexes synthe-
sized in the laboratory or to modifications of these; their formation
in nature is a result of decomposition of plant and animal residues.
Since lignins of different origins are not identical in chemical composi-
tion, as shown by the variation in methoxyl content (1237), since there
are considerable differences in the composition of proteins of different
origin, since the types of microorganisms active in the decomposition
processes are unlike under different conditions, and since numerous
other factors, such as the chemical composition of the residues under-
going decomposition, influence the process of humus formation, it is
quite natural to expect that the nature of the ‘‘humus-nucleus’” and
the composition of humus as a whole should not be the same under all
conditions.

As to the chemistry of the reaction of condensation between the pro-
tein and the lignin, there are several possibilities. These are based
upon the fact that lignin is known to possess carboxyl groups, hydroxyl
groups, carbonyl groups, and methoxyl groups, in addition to the cyclic
rings or the ring skeleton (326). If one assumes that the COOH group
of the lignin molecule interacts with the NH: group of the protein mole-
cule, a salt will result, even in an alkaline solution; the process of tan-
ning is a reaction of this type. The possibility of interaction between
a phenolic OH group of the lignin and the NH; group of the protein
would meet with the objection that, aside from the improbability of
the occurrence of such a reaction, the complex itself could be readily
hydrolyzed. The assumption of a reaction between the NH, group

Wl
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and a carbonyl group, of a ketonic or an aldehydic nature, to form a
compound of the nature of a Schiff’s base, offers a fair degree of prob-
ability :

Cs2H 40:10(OCH3;) - (COOH) - (OH)4 - CO 4+~ H:N - R - COOH —
lignin \ protein
Cs2H46010(OCH3) - COOH - (OH), - C = N - R - COOH + H,0O

humus-nucleus

This complex would be quite stable and would possess a high base
exchange capacity, a phenomenon characteristic of the humus-nucleus,
as will be shown later. The protein in this complex or group of com-
plexes is very resistant to microbial attack. There is no definite rela-
tion between the amounts of protein and lignin in the complex. How-
ever, the excess of protein beyond a certain concentration is susceptible
to rapid decomposition by microorganisms. The same is true for the
a-humus of the soil and for free proteins with which it may be allowed
to interact, which explains the results of Demolon previously referred
to. Once humus is saturated with protein, further protein which may
be introduced becomes loosely bound and can easily be attacked by
microorganisms.

One need not imagine that the ligno-protein complexes, or modified
forms of these, exist in the soil independent of the other humus con-
stituents. They are probably combined in the humus not only with
various bases, but also with other organic and inorganic compounds.

It is as unreasonable to look upon humus as a simple chemical com-
pound as it is to consider a plant or an animal as such an elementary
system. Humus is extremely complex in composition. It consists of
certain major groups of constituents and of a number of minor groups.
The physical, chemical, and biological properties of the humus constit-
uents are of particular importance in their relationships to soil processes
and plant nutrition.



CHAPTER VIII

HUMUS FORMATION IN COMPOSTS, ANIMAL MANURES,
AND GREEN MANURES

““The most proper soyle for Gardens are your Sheep-dung, your Hen
muck, and Pidgeons dung, with your well rotted Horse muck, especially
Jor cold Land; or else the rich moulds, or any good Manure that is growne
to Mould, is as good and Naturall as any of the aforesaid Soyles, provided

you lay good store of it thereon. . . . The Leaves of Trees laid together, or cast
tnto some High-way, or Water-flows, ‘or mingled with other Soyles, wtll
make very good Compost also.”’—The English Improver, or a Survey of

Husbandry, by Walter Blith (London, 1649).

The processes involved in the formation of humus from stable ma-
nures and composts of plant residues are quite different from those in
the formation of humus in mineral soils and in forest soils, in peat bogs,
and in marine bottoms. In the case of stable manures and other ani-
mal manures, one is dealing with plant and animal products which
have undergone previous digestion during their passage through the
animal digestive tract, intermixed with certain plant materials used
as bedding. The materials ingested as food have been modified in
composition not only through the action of the animal digestive agen-
cies but also by various bacteria and protozoa inhabiting the digestive
system. When these excreta, with or without the admixture of fresh
plant materials used as bedding, are placed in a compost or are added
to the soil, they undergo immediate decomposition by a number of
microorganisms, typical of soils and of composts, which gradually
transform the heterogeneous constituents of the manure into a homo-
geneous mass of humus. When composts of green or mature plant
materials are prepared, with or without the addition of inorganic
nutrient salts, the processes of decomposition are similar to those of
composts of stable manure, although the rate of decomposition may
be different. The same general type of humus will be produced in
all cases, and the products will vary more in relative abundance of the
different chemical constituents than in the specific nature of these
constituents.

Humus in stable manures and in composts. The chemical composi-
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tion of the animal excreta differs markedly from that of the original
foodstuffs fed to the animal. Stable manure consists of certain un-
digested constituents of the faodstuffs; of certain transformation prod-
ucts of the original constituents of the foodstuffs; of various waste
products of animal metabolism; of numerous cells of bacteria and pro-
tozoa, which inhabit the animal digestive tract and multiply there
extensively; of the animal urine; and finally of the bedding used in
the stable. The various foodstuffs-consumed by the animal are not
digested alike; some constituents are attacked more readily than others
and therefore will not contribute in the same proportion to the excreta
(1283a). Different plant materials and even the same plant at differ-
ent stages of growth vary considerably in chemical composition and

TABLE 27
Chemical composition of various fresh manures, litter free (1228)
On per cent basis of dry material

CHEMICAL CONSTITUENTS Mi?:?]ERl;a. M]i(l)qRUSREET uAg(I)I;WBE‘
Ether-soluble substances................. 2.83 1.89 2.77
Cold water-soluble organic matter....... 19.19 3.19 5.02
Hot water-soluble organic matter........ 5.73 2.39 5.32
Hemicelluloses................ . .ouninn. 18.46 23.52 18.57
Cellulose.............. ... 18.72 27.46 25.23
Lignin.................... et 20.68 14.23 20.21
Total nitrogen................coiven.... 4.08 1.09 2.38
Ash. . .. e 17.21 9.11 12.95

* Solid and liquid excreta.
1 Solid excreta only.

also in their digestibility by the animal; it is, therefore, quite natural to
find that the excreta produced from different foodstuffs, even when con-
sumed by the same animal, are not the same in chemical composition.
The higher the lignin content of the plant material, the less readily is
the latter digested (567). 'The cellulose, hemicelluloses, fats, and pro-
teins are most readily utilized, while the lignins are acted upon to a
limited extent; as a result, the animal excreta are considerably richer
in lignin than are the plant substances fed to the animal.

It is well to emphasize further the fact that different animals do not
digest the same foodstuffs in a like manner, which explains the differ-
ence in chemical composition of the excreta of different animals, as
shown in table 27. The various forms of bedding also differ in chemical
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composition. These factors are largely responsible for the chemical
variation in composition of stable manures obtained from different
sources and under different conditions. The composition of the manure
influences not only the mechanism and rapidity of its decomposition
but also the nature of the humus formed. An understanding of the
chemical nature of humus produced from stable manures requires a
knowledge of the composition of the original constituents of the manure
and of the processes of decomposition.

Most of the available information concerning the chemical composi-
tion of stable manures is limited to the inorganic constituents, especially
the elements phosphorus and potassium, and to the total nitrogen con-
tent (457, 925). An analyses of 284 samples of stable manure (941)
gave, on the average, 78.6 per cent water, 0.430 per cent nitrogen,
0.201 per cent P20;5, and 0.606 per cent K:O. The individual samples
varied considerably, the water from 73 to 83 per cent (65—85 per cent),
the nitrogen from 0.25 to 0.65 per cent (0.25-1.00), the P:O; from 0.10
to 0.40 per cent (0.10-0.60) and the K:O from 0.30 to 1.10 per cent
(0.10-1.7), respectively.

Comparatively few analyses of the organic complexes present in
animal excreta and stable manures have been made. Further, since
the methods used for these organic analyses differed considerably, it
is frequently difficult to interpret the various results so as to make them
comparable. It may be sufficient to call attention to the marked
variation in the methods used for the determination of cellulose, hemi-
celluloses, and lignins, the three major constituents of manures; it is
hardly necessary to emphasize the fact that cellulose obtained by one
method of analysis may not be the same chemical substance as the cel-
lulose determined by another method; the same is true of the other
two groups of organic complexes. It is always essential, therefore, to
know the method used in making the specific determinations.

When stable manure is placed in a compost, which is kept under con-
ditions of favorable moisture and aeration, the various organic constit-
uents become attacked by a great variety of microorganisms, including
fungi and bacteria, both aerobic and anaerobic. These organisms do
not attack all of the chemical constituents of the manure at the same
rate. The nature and rapidity of decomposition of the compost as a
whole and of its specific organic constituents, depend to a large extent
upon the nature and chemical composition of the manure, as modified
by its various constituents, and upon the conditions under which the
decomposition of the manure takes place (fig. 12). Falck (278, 281)
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has shown that in composts of stable manure containing cereal straw,
thermophilic bacteria bring about the destruction of a large part of the
pentosan and of the cellulose, but not of the lignin; the concentration
of the latter in the residual compost gradually increases, and gives rise
to dark brown humus substances, which are transformed only by the
‘“‘corrosive’’ action of certain basidiomycetous fungi. The humus thus
produced was spoken of as ‘““mild humus.”” When the manure is first
allowed to undergo aerobic decomposition, for a period of a few days,
so as to allow a rapid rise in temperature, and is then compressed in
order to produce anaerobic conditions, a compost is formed which

307
25
g 20
- 156 * —
7’ ~ ~
§ P e \_ —— Hemlcelluloses
& 7 e AN —
% e S N
& 10}-. ’ * -
5 0 r e N,
o P
R e g, C€1llulose
e e e e e e e
5f— e
____________________________ Ether soluble fraoctlon
1 1 minteteinttathnintetatetii i |
39 96 157 290

DECOMPOSITION, DAYS

Fie. 12. Changes in the chemical composition of horse manure compost during
different stages of decomposition (Waksman and Diehm).

behaves differently from the commonly composted manure; this proc-
ess was spoken of as the ‘hot fermentation process’’ (584a, 651).
Konig (564, 566) found that while horse manure lost, during a certain
period of composting, 51.7 per cent of its pentosan, cow manure lost,
in the same period of time, only 19.5 per cent of this carbohydrate.
The influence of moisture and aeration upon the decomposition of the
pentosan and cellulose in horse manure, at 35-37°C., is shown in table
28. Some reduction in the amount of the nitrogenous constituents of
the manure was also found to take place during the process of decom-
position; however, this reduction was very much less than that of the
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carbohydrates. This is due to the fact that the microorganisms at-
tacking the carbohydrates in the manure synthesize considerable cell
substance, thus storing away in the form of microbial proteins a large
part of the nitrogen, which is liberated in the decomposition of the
urea and other readily decomposable nitrogenous constituents of the
manure. This is chiefly responsible for the increase in the protein con-
tent of the manure in the process of composting. Egorov (254) cal-
culated that 50 to 66 per cent of the total nitrogen in the solid animal
excreta was in the form of microbial cells. During the process of com-
posting of the manure, the water-soluble forms of nitrogen are gradually
transformed into cell proteins by the microorganisms active in the

TABLE 28

Loss of dry matter and carbohydrates in manure as a result of composting under
different conditions (264)

PER CENT OF DRY MATERIAL LOST AS A RESULT
OF DECOMPOSITION
Aerobic Anaerobic
Moisture | Moisture | Moisture Water COa
content, { content, | content, turated atmos-
30 per cent|50 per cent|75 per cent| 52 phere
Total dry matter................... 38.5 48.2 47.8 35.7 36.3
Pentosan..............covvuieenn.. 71.0 82.6 78.2 55.8 61.1
Cellulose.............coiiia.. 53.2 61.8 64.6 41.1 47.3

decomposition processes, thus augmenting the proteins of microbial
origin in the manure.

A proximate chemical analysis of fresh horse manure and of the same
manure at different periods of decomposition is given in table 29.
Composting took place in the autumn, under cover. In order to illus-
trate the changes in the total concentration of the various organic
constituents of the manure, the results were calculated for the beginning
of the decomposition and for the 27-day period on the basis of an origi-
nal 450 kg. of fresh manure containing 134 kg. of dry matter (1228,
1233).

These results prove definitely that when stable manure undergoes
decomposition and is transformed into humus, there is a gradual in-
crease in the lignin complexes, in the organic nitrogenous compounds,
and in-the mineral substances. This is accompanied by a darkening
in color and an increase in alkali-soluble substances. The humus thus
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produced tends to become more uniform in chemical composition, and
is found to consist largely of lignins or lignin-like complexes and of
organic nitrogenous substances. This phenomenon was already well
recognized by Thénard (1149) and especially by Hébert (408) and Dehé-
rain (209); the latter stated that the ‘“black matter’”’ of manure con-
sists primarily of ‘‘vasculose’” (lignin) and of proteins, the first being
left as a result of the decomposition of the plant residues and the
second being formed from the soluble nitrogenous compounds of the
manure.

It was at first believed that the availability of different manures
depends largely upon the speed of their “humification.”” The fact that

TABLE 29

Chemical changes produced in the decomposition of horse manure in compost (1233)
AT START 27 pAYs 63 pAYs

CHEMICAL CONSTITUENTS Relative Total Relative Total Relative

Comcens | weleht | fomeen- | weight | gomen

per cent gm. per cent gm. per cent
Ether-soluble fraction.............. 2.87 3,870 1.36 1,395 1.10
Cold water-soluble organic matter..| 3.64 4,860 4.72 4,770 3.31
Hot water-soluble organic matter...| 1.48 1,980 5.00 5,040 3.89
Hemicelluloses...................... 17.78 | 23,850 | 15.40 | 15,525 13.02
Cellulose........................... 28.35 | 38,025 | 26.32 | 26,550 15.59
Tdgnin................... ... ........ 15.64 | 20,870 | 20.44 | 20,610 27.02
Water insoluble protein.............| 7.81 | 10,485 | 11.56 | 11,655 13.13
Total nitrogen...................... 1.44 1,935 1.92 1,935 2.35
Ashcontent.........................1 13.48 | 18,090 | 14.50 | 14,625 15.49

Total dry material................ 134,100 100,800

horse manure is less readily available than cow, sheep, pig, or chicken
manure was explained (172) by the fact that the former humifies more
slowly. With the advance of our knowledge of the chemical composi-
tion of the manure and the processes of decomposition, it was found
that the availability of the manure is controlled by its composition.
When fresh stable manure is added to the soil, only the water-soluble
forms of nitrogen become readily available for the growth of higher
plants (515, 69, 412), while the complex organic nitrogenous com-
pounds, which comprise about a half of the total nitrogen in fresh
manure, are not available (fig. 13). This is due primarily to two
factors: 1. the nitrogen of the organic complexes becomes liberated
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slowly and is immediately consumed again by the microorganisms that
use the carbohydrates in the manure as sources of energy; 2. at least
part of the organic nitrogen compounds are prevented from becoming
readily available, through processes of interaction with the lignin com-
plexes in the manure. Only after stable manure has undergone rather
extensive decomposition, resulting in the destruction of the excess of
cellulose and hemicelluloses, do the organic nitrogenous compounds of
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_ Fia. 13. Influence of straw upon the liberation of nitrogen as nitrate from ur-
ine, cow and sheep manure, in the process of decomposition (Joshi).

the manure become partly available for crop growth. This can best
be determined by changes in the C:N ratio of the decomposing manure,
which becomes gradually narrower, or by the increasing content of
organic nitrogen. Lemmermann (622, 625) has shown that when the
C:N ratio of composted straw reaches 20:1, the nitrogen content on
the basis of dry material has increased to about 2 per cent, the pentosan
content has diminished to 12 per cent, and the total decomposition is
about 50 per cent. At this stage, the compost has no longer a tendency
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to bring about a reduction in the soluble nitrogen when applied to soil.
When this compost undergoes still further decomposition, sufficient
nitrogen is liberated from the proteins to provide for the needs of the
microorganisms attacking the carbohydrates in the compost. Still
further decomposition leads to the liberation of nitrogen in excess over
the needs of the microorganisms and finally results in the accumulation
of nitrogenous materials, which are available to higher plants (271).
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Barthel (70) explained the slow nitrification in soil of the organic
nitrogen in stable manure by the fact that this nitrogen is present in
the manure largely in the form of microbial bodies. These bodies,
as in the case of Azotobacter cells, decompose only slowly, and very
little nitrogen is liberated as NH;. This is contrary, however, to the
results of other investigators (1091, 410), who demonstrated, by meas-
urements of the evolution of CO,, that microbial cell substance decom-
poses very readily. The nitrogen present in Azotobacter cells was
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actually found (272) to nitrify rapidly, whether introduced into the
soil in the form of preformed cells (dry or wet) or allowed to be formed
there subsequent to the addition of mannitol. When microbial cell
substance undergoes decomposition in soil, only a part of the nitrogen
is transformed to nitrate, while another part persists in the soil in
the form of certain resistant residues, largely humus-like in nature;
even after 90 days of decomposition in sand media, 25 to 64 per cent
of the nitrogen in microbial cell substance was still left in the resi-
due (496).

Humus formation in the decomposition of stable manures in com-
posts or in soils is very much similar to the general processes of humus
formation; because of the specific nature of the substances undergoing
decomposition and the conditions under which this usually takes place,
certain special problems may be involved (191, 344, 355, 368, 483,
847, 1217). Among these, may be mentioned problems concerned with
conservation of the nitrogen, the hygienic treatment of human excreta
and the maximum production of humus (465, 861). The conclusion
is frequently reached that, because equal amounts of nutrient elements
in the form of mineral fertilizers and stable manures give equal effects
upon plants, the latter is not superior or perhaps even inferior to the
former. The fact that manure frequently has an insufficient concen-
tration of available nitrogen and especially the importance of the
residual effect of manure in soil in building up its humus content are
thereby overlooked (625).

There is no doubt that the phosphorus and potassium compounds in
the manure are about as readily available as those in artificial fertilizers.
However, the nitrogen in the manures is only about one-third to one-
half as available as that of inorganic fertilizer; this has been indicated
by numerous field tests as well as by nitrification experiments. There
is little justification, therefore, for comparing the availability of the
nitrogen in organic manures and in fertilizers, without considering the
accumulative effects of the manure on the fertility of the soil and its
physical condition; this error has been frequently made in fertilizer
trials, where only the given crop yields weremeasured. Stablemanures
were found to give particularly significant results, as compared with
inorganic fertilizers, in dry years and on light soils. The changes in
the humus content of the soil as a result of treatment with fertilizers
and manures are clearly indicated in the classical experiments of Roth-
amsted (925a):
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Loss of soil organic matter after 60 years treatment

SOIL, ANALYSIS AFTER FIFTY
YEARS (1926)
ORIGINAL

CROP SOIL No

N 1876 A Com-
fertilizer Stable
or plete

manure fertilizer

Barley | Nitrogen content of the soil, percent. .| 0.156 0.094{ 0.109{ 0.151

Barley | Loss of nitrogen, percent............[ ..... 40 30 3
Barley | Carbon content of the soil, per cent..| 1.49 0.90 1.07 | 1.50
Barley | Loss of carbon, percent..............}1 ..... 40 28 0
Wheat | Nitrogen content of the soﬂ, per cent 0.156 0.109; 0.104] 0.145
Wheat | Loss of nitrogen, percent............| ..... 30 33 7
Wheat | Carbon content of the soil, per cent..| 1.49 1.23 1.07 | 1.52
Wheat | Loss of carbon, percent..............| ..... 17.5 | 28 0

Humus formation in the preparation of ‘“‘artificial manures.”” Under
the term ‘‘artificial”’ or ‘‘synthetic’’ manure, one commonly includes
composts prepared from plant residues, of a wide C:N ratio, to which
some inorganic fertilizers may have been added. When kept at con-
ditions of favorable moisture content, aeration, and reaction, the plant
materials in the compost decompose rapidly. The most important
constituent element of the fertilizer added to the compost is nitrogen
in an available form; phosphorus and calcium are next in importance.
The plant residues that are commonly used in the preparation of com-
posts, such as straw, corn stalks, plant stubble, and leaves, are low in
nitrogen and high in complex carbohydrates, namely, cellulose and
hemicelluloses. The decomposition of these carbohydrates makes
available considerable energy for the growth of microorganisms; this
is characterized by the synthesis of microbial cell substance, for which
available nitrogen and phosphorus are required by the fungi and bac-
teria active in the decomposition processes. Because limited amounts
of nitrogen are generally present in the plant residues used for the
preparation of the composts, the nitrogen and phosphorus required by
the microorganisms, as well as some lime and potash, have to be sup-
plied from other sources, in order to insure rapid decomposition. The
inorganic nitrogen can be added to the composts in the form of ammo-
nium salts, nitrates, urea, or cyanamide; it is then readily assimilated
by the microorganisms during the process of decomposition of the
easily decomposable constituents of the plant material and is trans-
formed into organic compounds. As a result of the decomposition the
compost is reduced in dry weight, darkens in color, and is gradually
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transformed into humus; the C:N ratio of the compost becomes nar-
rower, as a result of the rapid decomposition of the carbohydrates and
the synthesis of the organic nitrogenous complexes.

The rapidity of decomposition of the plant constituents in the com-
post and their transformation into humus depend upon the nature of
these residues, their chemical composition, the amount and nature of
the inorganic nutrients added, especially the nitrogen, the moisture

CHEMICAL COMPOSITION, PER CENT
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Fia. 15. Comparative chemical composition of oat straw and of a compost
prepared from it (Waksman and Gerretsen).

content of the compost, its proper aeration, and the temperature con-
trol (472, 1046, 303, 215a). The chemical nature of the humus produced
as a result of the composting and its effect upon soil processes will also
depend upon the nature of the plant residues and upon the conditions
and extent of their decomposition. The humus of a compost produced
from cereal straw will, therefore, vary from that formed from oak leaves,
from pine needles, or from soybean stover.
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A detailed discussion of the changes taking place in the formation
of humus in the decomposition of plant residues was presented previ-
ously (p. 119). Figure 15 shows the relative composition of ‘‘artificial
manure,”’ as compared with that of the original plant material from
which it was prepared. Oat straw was allowed to decompose for 273
days, at 37°C., in the presence of added inorganic nutrient salts. As
a result of the decompostion, the cellulose has disappeared almost
completely; the hemicelluloses and fats have been markedly reduced;
the lignin has increased appreciably in relation to the other constit-
uents, while the relative amount of ash and protein have increased to
an even larger extent. The increase in the relative ash content is due
to its accumulation as a result of the destruction of some of the organic
complexes. The increase in the protein content is not only relative
to the total constituents but is also absolute, largely as a result of the
synthesis of microbial proteins from the inorganic nitrogen added to
the compost. The lignin has increased because it is more resistant to
microbial decomposition than are the other plant constituents. Tem-
perature and moisture have an important influence upon the rapidity
of decomposition of straw in composts and upon the formation of humus
(1229). A comparison of the chemical composition of composts of
““artificial manure”” with that of composts of horse manure is found in
table 26.

Instead of using a highly carbonaceous and low nitrogen containing
material, such as straw, for the preparation of composts, which neces-
sitates the addition of inorganic salts of nitrogen, one may employ a
mixture of two organic residues, one low in nitrogen and another high
in nitrogen. A mixture of this nature was first used (1234a) for the
preparation of composts for mushroom production. Scheffer and
Karapurkar (944a) found that a mixture of alfalfa and straw, in a ratio
of 1:3, with a nitrogen content of 1.363 per cent and a C:N ratio of
26.4-30.8:1, contained a proper balance between carbon and nitrogen,
in respect to decomposition. A higher concentration of alfalfa led to
nitrogen liberation, and a lower, to a lack of nitrogen. In general, if
the C:N ratio of the organic substances added to the soil was above
20:1, nitrification was repressed; below 20:1, active nitrification set
in soon after the active processes of decomposition had passed. The
chemical composition of the materials, the rapidity of decomposition,
and the nature of the microorganisms were found to be of importance
in this connection. Similar results were obtained (465) in the compost-
ing of plant residues with stable wastes, under aerobic conditions (651).
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In the presence of a certain amount of moisture, animal manures
and plant residues, such as hay and peat, kept in heaps, may undergo
a process of anaerobic decomposition, resulting in the formation of
certain volatile substances which, on coming in contact with air, ignite
spontaneously. The large heap acts as an insulator, preventing radi-
ation of heat from the inside and preventing penetration of oxygen
from the outside. The lack of an excess of moisture in the case of the
hot fermentation of manure, prevents the absorption of the heat. The
moisture, temperature, and lack of oxygen penetration create conditions
which are favorable for spontaneous heating (157).

Humus formation in the decomposition of green manures. The study
of the decomposition of green manures and of their transformation into
humus is concerned with two distinct problems; namely, the liberation
of the nitrogen in the plant material in an available form, and an in-
crease of the supply of humus in soil. Green manures are utilized for
several very distinct purposes in farm practice: 1. to increase the sup-
ply of total and available nitrogen in the soil: to this end, various legu-
minous plants are grown, the nature of the legume depending largely
on such factors as the region, the season of the year, the nature of the
soil, and the rotation system; 2. to conserve the nutrient elements of
the soil, especially the nitrates, from being leached out during the part
of the year when no cultivated crops are being grown on the soil; 3.
to increase the supply of organic matter in soil.

In most of th