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Abstract—A simple model is proposed to show the decomposition of low-molecular organic compounds in
soil. The model permits us to estimate the rate of oxidation of different carbon atomsin amino acid molecules,
the share of their use by microorganisms for anabolism, and the inclusion in humus, as well as the number of
cycles oriented to microorganism renewal in the soil during the vegetation period. At initial stages of soil evo-
[ution, passive mechanisms (natural selection of heavily decomposed high-molecular components of plant res-
idues) play an essential role in accumulation of humus substances. In the course of soil evolution, active mech-
anisms assume ever greater importance (inclusion of low-molecular labile N-containing compounds). Changes
in the mechanisms may be considered as an additional factor in the microorganism strategy to be adopted for
succession in the ecosystem and as one of the indicators of soil transition from an inert to a bioinert system.

INTRODUCTION

Organic matter of soil isessentially responsiblefor
sustainability of the balance of many nutrients and, in
particular, carbon on the earth. The soil contains
1.39 x 10'8-1.48 x 10'® g of carbon, which corresponds
to two-thirds of the whole carbon store in terrestria
ecosystems [13, 51, 52, 54]. It exceeds that of living
phytomass by 2-3 times [53] and is twice as much as
the total carbon content in the atmosphere [43]. Pres-
ently, the content and many properties of inert soil com-
ponents, which comprise 90-95% of the total mass of
organic soil substances, are adequately characterized.
However, functioning and transformation of soil
organic matter is substantially determined by labile
compounds—individua low-molecular organic com-
pounds. Therole of these substancesin humusformation
has not been adequately investigated because of their low
concentration in soil and rapid transformation.

In the present work, the behavior of low-molecular
organic N-containing compounds is characterized, and
their rolein the formation and renewal of humusis con-
sidered.

MINERALIZATION

In natural ecosystems, the primary reserve of nitro-
gen in soilsis produced and then replenished mainly
through immobilization of atmospheric nitrogen by
free-living, associated, and symbiotic microorgan-
isms. It makes up 1070 kg/ha per year in mature soils
[7, 24, 39]. In primitive soils, the fixation of molecular
nitrogen is considerably lower owing to the lack of
available energy sources. Nitrogen-fixing bacteria
transform molecular nitrogen first to amino acids and
then to high-molecular compounds (proteins) or,
through the stage of nucleic bases, to RNA and DNA.
After the bacteria die off, these high-molecular com-

pounds are decomposed enzymatically to organic oli-
gomers and monomers—amino acid chains and amino
acids, nucleotides and nucleic bases, respectively. Part
of these monomers come to the soil directly and
undergo transformation characteristic to the given type
of compounds and to the particular soil conditions.
A comprehensive assessment of the reserves and sup-
ply of various nitrogen-containing components in soils
isgiven in anumber of papers[5, 6, 9, 18, 20, 22].

The sequence and one possible scheme of the
decomposition processes of N-containing compounds
areconsidered in Fig. 1. Thewhole diversity of the nat-
ural N-containing compounds can be combined into
several large groups according to the chemical charac-
teristics of their monomers. Protein compounds and
nucleic acids are attributed to the first two groups.
A special group is distinguished for humic substances,
because these biopolymers are characterized by irregu-
lar structure and high diversity of their constituent
monomers. Humus nitrogen is represented by four
major forms [58]: (1) nitrogen of the ammonium anion,
(2) nitrogen of amino acids and aminosugars (hydrolyz-
ableby 6 N HCI), (3) nitrogen directly bound to aromatic
nuclei (nonhydrolyzable by 6 N HCl), and (4) nitrogen
of heterocycles (nonhydrolyzable by 6 N HCI). The
presence of at least the second and fourth forms shows
the possible genetic relations of humic substances with
protein compounds and nucleic acids. The next two
groups are represented by nitrogen-containing com-
pounds—chlorophyll and chitin—with lower molecu-
lar mass.

After entering the soil, the high-molecular com-
pounds mentioned above are decomposed enzymati-
cally to their corresponding monomers: protein com-
pounds, to amino acids, and RNA and DNA, to nucle-
otides and nucleic bases. During decomposition of
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Fig. 1. Scheme of transformation of organic N-containing compounds in soil.

humic substances, the residues of amino acids and
some amount of nucleic bases are eliminated from
them[16]. In the cells of microorganisms, nucleic bases
are transformed primarily to amino acids: pyrimidine-
ous, to B-alanine [34, 35], and purineous, to glycine
during anaerobic decomposition and to urea during an
aerobic one[34]. (It should be mentioned, however, that
at the decomposition of both nucleic bases and other
nitrogen-containing organic compounds, the ammonia
groups are sequentially eliminated, and besides (-ala-
nine and glycine, the final organic product of decomposi-
tion of nucleic basesis urea[34, 35].) Chlorophyll isaso
decomposed through protoporphyrine to glycine [34].
Similar to other amino sugars, D-glucosamine pro-
duced from chitin brings its amino group through tran-
samination to glutamine [35].

Hence, during decomposition, all natural organic
N-containing compounds pass through the stage of
amino acidsindependently of the type of nitrogen bind-
ing intheinitial compound, molecular mass, and chem-
ical and physical properties. All the diversity of N-con-
taining compounds is reduced to several amino acids
(glycine, aanine, and glutamine) with the amine as the
final form of organic-bound nitrogen beforeits complete
mineralization. According to Knyazev (personal com-
munication, 1989), this sequence of natural destruction
of organic N-containing compounds in soils is named
“amino acid funnel” (Fig. 1). At the final stage of min-
eralization, about half of the amino acid carbon is enzy-
matically oxidized to carbon dioxide, and about one-
third of the carbon and a major part of the nitrogen is

utilized in anabolism of microorganisms, while a small
part of the nitrogen and carbon of amino acids is
involved chemically in humus, at sites of previously
eliminated less stable fragments [15, 23, 30, 46, 57].

Aswas shown earlier, amino acids play akey rolein
the transformation of organic N-containing compounds
in soils, which is why we shall consider mainly this
class of compounds, taking into account that at the
same time amino acids are intermediate metabolites of
other N-containing substances.

The lower part of the scheme (Fig. 1), which
describes the transformation of |ow-molecular N-con-
taining components in soil, can be simplified as a
model (Fig. 2). Immediately after a low-molecular
organic compound (A) comesinto the soil, some part of
it (H) is chemically included in humic substances. In
the conditions of homogeneous media that occur in the
absence of highloca accumulations of microorganismsin
the decomposed materid, the rate of the direct chemical
incorporation of an individual compound considerably
exceeds that of its microbiological destruction [38, 56].
The fragments incorporated in humus (Ah), as well as
the ones remaining in the soil solution (Af), are micro-
biologically utilized (Bf + Bh = Bio) at different rates
(9, @). Asaresult, apart of compound (Y) is utilized in
anabolism, while another one (1-Y) is oxidized to CO,.
Then the microorganisms continue either to consume
new portions of entering compounds or to die off
accompanied by CO, production at the rate b. A more
exhaustive description of thismodel is givenin [46].
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The present model was described parametrically in
the laboratory for severa low-molecular organic com-
pounds (alanine, glycine, glucose, urea), labeled with
14C at different sites of the molecule in different soils:
soddy-podzolic with different humus content [46] and
serozem with various levels of sainization [15]. The
parameters obtained characterize the ratio and rates in
the model (Fig. 2) and schemes of decomposition of
low-molecular organic compounds (Fig. 1) in the soils
studied:

(1) Theinitial chemical incorporation of the sec-
ond carbon atom of amino acids into humus makes
up 25-35% of the inflow amount. For the carbon of a
carboxylic group, the incorporation does not exceed
10-15%. Possible chemical reactions of incorporation
of amino acid molecules into humus molecules were
described earlier [12, 49, 60]. A considerable part of the
compounds incorporated (one-fourth to one-third) is
microbiologically eliminated from humus molecules
during the first weeks.

(2) The remaining part of the initial compound is
utilized by microorganisms, with 35-50% of the carbon
atoms used in anabolism (economic coefficient), while
the other part isoxidized to CO, inthefirgt cycle. Thecon-
sumption rate of low-molecular organic compounds by
soil microorganismsis measured in hours (1-2 h [46]).

(3) Therate of eliminated and exoenzymatic oxida-
tion of carbon from the carboxylic group to CO, is con-
siderably higher, and the share of microbiological utili-
zation for anabolism is lower compared to other, ini-
tially less oxidized, carbon atoms of amino acids [46].
Therate and the share of micrabiological use of carbon
from the carboxylic group of amino acids are compara-
ble to the corresponding parameters of urea carbon,
because in both cases there is no storage of energy in
the form of ATP during oxidation to CO.,.

The high rate of exoenzymatic oxidation of the car-
boxy group of amino acids and, probably, of other low-
molecular carboxy acids is, possibly, an evolutionary
adaptation of the soil ecosystem to the high inflow of
organic acids formed from carbon-containing com-
pounds. Practically every atom of organic-bound car-
bon entering the soil passes through the stage of the
strongly acidic carboxy group on its oxidation to CO.,.
By this mechanism, alot of H* ions arise in the absence
of their compensation with bases. In this connection,
nonalkaline ways of neutralization have to be developed
in the course of the evolution; one of them could be
decarboxylation. By the suggestion of Kozlovskii (per-
sona communication, 1994), the evolutionary step of the
emergence of a decarboxylation mechanism could have
occurred in the Carboniferous period (360—286 million
years ago) during the most expressed shortage of
cacium and other cations. The mechanisms and
schemes of decarboxylation, as well as deamination of
amino acidsin soils, were described in more detail ear-

1 Here and after the constants of decomposition and biochemical
cyclerates are characteristic for optimal laboratory conditions.
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Fig. 2. Scheme of decomposition of low-molecular organic
compounds entering the soil (commentsin the text).

lier [47, 56]. The rate of decomposition of different
parts of the molecule of one compound is correlated
with the degree of oxidation of the corresponding car-
bon atom. So, the most oxidized carbon atom of a car-
boxylic group is characterized by the highest rate of
elimination compared to other atoms in the organic
molecule. Hence, it is more valid to evaluate the gen-
eral rate of decomposition of organic residues in soil
with account for the average-weighted oxidation of com-
pounds, calculated similarly to the oxidation degree of
humic substances [18], but not only by the content of
individual compounds (lignin, cellulose, etc.).

Amino acid carbon incorporated in the microbial
biomass participates in the intracellular biochemical
cycles. The haf-renewal time of carbon in soil micro-
organisms makes up 1-5 days [21, 46]. These results
are in good correlation with the data on the change of
2040 generations of microorganisms (bacteria) during
avegetation period [2, 3, 21, 22].

The period of half-renewal of newly incorporated
carbon in humus makes up tensto hundreds of days[46].
For more stable humic fragments, this period is
known to be from tens to hundreds of years, depend-
ing on the humus fraction, the character of its binding
with the mineral part of the soil, the soil horizon, etc.
[30, 31, 32, 36, 37].

The rates of the fluxes mentioned, calculated from
the parametrization of the model, reflect the so-called
“effective mineralization time” (Effektive Mineral-
isierungszeit) [44], or, more correctly, the “biologically
effective time” (biologisch wirksame Zeit) [41]. This
time corresponds to the highest microbiological activ-
ity, determined under optimal laboratory conditions
(25-28°C, 60% of maximum water content). It should
be mentioned that the biologically effectivetimein this
sense is not similar to the period of biological activity
(PBA) [8, 19]. For field conditions, the effective miner-
aization timeis calculated as the product of the reduc-
tion function (Reduktionsfunktion) for each of the
essential or accounted factors. Hence, for the condi-
tions of the southern taiga (soddy-podzolic loamy soil),
during one vegetation period (5 months), 25-30 days of
the “effective mineralization time” is“ stored” (compu-
tation by the CANDY (CARBON AND NITROGEN
DYNAMICS) model [41] isshownin[40]). Thismeans
that in field conditions transformation rates for the
compounds will be about 5 times lower than the rates
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for the optimal laboratory conditions shown above.
From the approximate rate of amino acid decomposi-
tion in soil in a natural environment [29, 46] and their
average concentration in soil [25], and under the
assumption that the amounts of decomposed and resyn-
thesized compoundsfor long periods are roughly equal,
the total amount of amino acids formed during the vege-
tation period can be calculated. For soddy-podzoalic sail,
T,,, = 1-2 h (corresponds to methylene group) in | abo-
ratory conditions, and — T, , = 5-10 h (average 8h)
in natural conditions. If the amino acid concentration is
10 mg/kg soil [25], then in 8 h, 5 mg/kg is produced.
Thisyields 15 mg/kg per day and 2.25 g/kg in 5 months
(one vegetation season). Thus, 3000 kg/ha of amino
acids are produced and decomposed by microorgan-
isms during one vegetation season (in a 10-cm soil
layer).

Thismeansthat in soddy-podzolic soil during ayear
no less than 500 kg/ha of nitrogen passes through the
stage of amino acids. For chernozemic soils with a
higher amino acid concentration [25, 33] and longer bio-
logically active period, the amount of nitrogen passing
through the stage of amino acids should be even higher.
In cultivated intensively fertilized soils, the total amount
of organic nitrogen, which is included in the biomass
and, correspondingly, passes the stage of amino acids,
might be considerably higher. Panikov et al. [22] have
shown that during ayear more than 2000 kg/ha of nitro-
gen passes through the biomass stage. However the
nitrogen amount mentioned should not exist in the soil
all at once and be available during the whole vegetation
period. In natural ecosystems, a relatively small pool of
nitrogen (15-50 kg/ha) most likely is subjected to severa
(10-30) complete cycles of the turnover. It roughly
correspondsto the number of cycles of microorganisms
calculated above and to the values most frequently
found in the literature—20-40 for the vegetation sea-
son [2—4, 10, 21, 22]. Thus, the share of organic nitro-
gen, which ismineralized and eliminated from the turn-
over of organic compounds, makes up several percent
of the total amount involved in the cycle. Alternatively,
an inexplicably high amount of available organic nitro-
gen is found in the soil during one vegetation season.
Such apractically closed recycling of organic nitrogen
in natural ecosystems provides arepeated use of therel-
atively small amount of its available forms and reduces
to aminimum itslossesin minera forms.

The calcul ations shown confirm the fact that therole
of a substance in an ecosystem is determined not only
by its concentration, but also by the rate of itstransfor-
mation and turnover [Fokin, personal communication,
(1989)]. Thus, amino acids play one of the key roles
owing to the high rate of recycling, despite their low
concentration in the soil.

HUMIFICATION

Amino acids not only are the most probable inter-
mediate stage of decomposition of nitrogen-containing
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organic compounds in soil, but play a specific role in
the renewal of humic substances. In Fig. 1, theincorpo-
ration of amino acids in humic substances is shown.
The ratio of pools and fluxes of nitrogen-containing
compoundsin Fig. 1 may vary depending on the local-
ization of the processes (in particular horizons or layers
and cutans or the bulk mass, the occurrence inside or
outside microorganism cells, etc.), as well as the C/N
ratio in the decomposing material.

From the results of short-term experiments on the
interactions of labeled amino acids with soil sterilized
by HgNO; [14] or by steam [15], the conclusion was
made that the inclusion of amino acid carbon in humic
acids occurs chemically, without preliminary microbial
transformation. Similar conclusions were made by
Ziechmann [59]. In nonsterile soil, where microbial
decomposition mainly takes place, the share of chemi-
cal inclusion in humus is lower than in the laboratory
experiments carried out by us. Chemical inclusion is
conditioned by the presence of two active functional
groups (particularly, the amino group [49, 57]), which
allow their direct binding with humus [12, 49, 60].
Such chemical inclusion of low-molecular compounds
explains mechanisms of fragmental renewal of humus
molecules [26] at the temporal or local excess of low-
molecular compounds in the soil (during the period of
active decomposition of litter in the rhizosphere area).

The results of experiments on determination of
shares of nitrogen and carbon incorporation from
amino acids (alanine, glycine) and pyrimidine bases
(uracile) into the fractions of humic substances of the
soil during a year of composting in natural conditions
permitted usto calculate the annual shares of renewal of
humus molecules (table) [30]. Calculations of renewal
shares were made not only from the concentration of
low-molecular compounds in soil, but also from their
total amount synthesized during the vegetation period
by microorganisms (see above). A more detailed calcu-
|ation method was described earlier [ 14, 30]. Dataonthe
mean residence time (mrt) of carbon in humic fractions
averaged from the literature (2nd graph: age—mrt),
determined by the radiocarbon method [32, 37], are
given for comparison. Inthe 3rd graph, the correspond-
ing shares of annual renewal are shown (it is assumed
that the share of ayear-to-year renewal correspondsto
the reverse value of the mean resident time). Despite
some assumptions made during the calculations of
renewal of humus fractions in soddy-podzolic soil
[14, 30], the data are in good agreement with literature
data on radiocarbon dating of humusin soddy-podzolic
soil. From these data the following conclusions can be
made:

The shares of humus renewal calculated from amino
acid nitrogen characterize the general renewal of nitro-
gen of humus fractions, because in natural ecosystems
the main part of the nitrogen initially entering the soil
is represented by amino acids or passes through the
stage of amino acids.
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Mean residence time (mrt) and annual renewal rate (year™) of carbon in humic substances from soddy-podzolic soil by liter-
ature data [32, 37] and calculated from data on carbon and nitrogen annual renewal rates at the expense of amino acids and

nucleic bases [30]

“Age’ Annual renewal rate (year™) for C and N of humus fractions at the expense of
Fraction mrt (years) C from all sourc-| 2C-of nucleic | 2C-of amino | 1C-of amino| N-of nucleic | N-of ami-
y es (from mrt) bases acids acids bases no acids
Humus as awhole 300 3x103 2x10°8 5x10% 2x10% Not determined
Humin 500 2x10°3 7%x108 2x10™ 10 10 7 %103
Humic acids 300 3x103 10”7 2x1073 6 x 10 10 2x102
Fulvic acids 100 102 2x10°8 8x 10 2x10% Not determined

The general rate of humus renewal by nitrogen is
2-3 times higher than that by carbon. Thisis explained
by two reasons:

(2) The higher rate of renewal of the peripheral part
of humus molecules relatively enriched in nitrogen,
which gives animpression of an accelerated renewal by
nitrogen compared to that by carbon of the whole
humus molecule;

(2) The differences between carbon and nitrogen
turnover in which a considerable part of the nitrogen
continuously circulates between the pools of microor-
ganisms and humus and mainly fulfills structural func-
tions, not being lost from the ecosystem. Carbon is used
for energy purposes (about 50% in the cycle), and after
oxidation to CO,, it is eliminated from the soil part of
the turnover.

Plant and microorganism residues entering the soil
contain not more than 1-5% carbon of amino acids,
while 20-30% of carbon of humus is renewed at the
expense of amino acids (table). Hence, during humifi-
cation, the selection of amino acids occurs relative to
other compounds. It is caused by their high biochemi-
cal activity, high rate of transformation, and the pres-
ence of functional groups. Thus, humification is not a
purely statistical process. In mature soil, humification
isaccompanied by aspecific selection of biochemically
active compounds, which are inherent in all living
organisms, although the selection mechanisms are dif-
ferent.

The humic acid fraction (HA) isrenewed faster than
the fraction of fulvic acids (FA). It should be men-
tioned, however, that radiocarbon dating and the isoto-
pic ratio 3C/*2C in the humus fraction [50] often indi-
cates the opposite. (There are data on the higher radio-
carbon age of HA compared to FA in soils of the
podzolic type[37].) Greater assimilation of low-molec-
ular nitrogen-containing compounds into the HA frac-
tion compared to the FA fraction was shown not only
for soils of the podzolic type (amino acids[23], minera
nitrogen forms [48]). The discrepancy mentioned can
be explained by differencesin the methods applied. The
radiocarbon method characterizes the rate of humus
renewal only for those soils which are in a quasi-sta-
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tionary state for a sufficiently long time to establish an
equilibrium between the rate of disintegration of the
“old” C and the rate of humus renewal by the “young”
14C [36]. The radiocarbon age is a mixed characteristic
of both the absolute age and the rate of humus renewal
until such an equilibrium is achieved. The calculation
of renewal from the inclusion of “C-labeled com-
poundsin humus, on the contrary, characterizesthetrue
renewal of the fraction (in conditions of long duration
of experiments). Hence, the lower radiocarbon age of
the FA fraction can be explained by the higher rate of
decomposition of the newly formed molecules with an
almost total absence of their intramolecular renewal
[50]. At the same time, the fast renewal of the periph-
eral part of HA is probably combined with slow
renewal of the nucleus, which is the dominant part of
the molecule. This creates the appearance of an older
age of the whole molecule. The conclusions given con-
firm the hypothesis that FA isthe product of decompo-
sition and transformation of high-molecular inert com-
ponents of plant residues [1, 50]. This is partialy
explained by the absence of essential structural differ-
ences between FA of soils of a zonal range [9, (Orlov
and Zub, 1963) cited by 18]. On the contrary, HA are
practically not subjected to complete decomposition
and resynthesis. They incorporate |ow-molecular com-
pounds by the fragmental renewal mechanism.

The hypotheses mentioned concern functioning of
HA and FA in mature soils. However, during soil for-
mation the functioning of various compounds and their
impact on humification processes may be substantialy
different.

CHANGE OF HUMIFICATION MECHANISMS
IN THE COURSE OF SOIL EVOLUTION

From the aforementioned participation of low-
molecular compoundsin soil processes and differences
in the formation of HA and FA, the probable scheme of
the change in humification processes during evolution
of a soil as a bioinert system is shown (Fig. 3). In the
initial stages of weathering of soil-forming rock, the
first inhabitants are plants (mosses and lower lichens).
They possess a unigque ability of having the highest
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Fig. 3. Change of humification mechanisms during the pro-
cess of soil formation.

sorption of nutrients and low-molecular compounds
from biogenically poor substrates [4, 28]. As a resullt,
during the first stages, there are practically no low-
molecular compounds, including organic nitrogen-con-
taining ones, capable of taking part in the formation of
humus molecules. At the same time, the nonhumic and
undevel oped substrate has a negligible buffer capacity
for anegative environmental impact (the sharpest short-
term variations in the number of microorganisms are
peculiar to tundra soils; they diminish as one moves
south [2]). This substrate is characterized by very short
PBA and effective mineralization time. Therefore, in
undevel oped soils, high-molecular inert plant residues
are accumulated, which cannot be decomposed during
the short period of microbiological activity. These com-
ponents are mainly non-nitrogen or low-nitrogen poly-
mers of alignin and hemicellulose type. Further accu-
mulation and transformation of these compounds result
in formation of FA-type substances (FAs strongly pre-
dominate over HAs in forming and weakly developed
soils). Accumulation of such partially decomposed
compounds and their sorption on the free surfaces of
clay minerals and condensation take place with time,
which considerably lowers the rate of their migration
and further decomposition. During accumulation in the
soil (for example, until the soil reaches the mature state
characterized by coating of clay minerals with humus
films in the humus accumulative horizon), these sub-
stances act as an inert buffer system to negative and
stress environmental impacts (temporary deficit of
nutrients, negative water—air, temperature, redox, and
acidic regimes). However, during this stage, only pas-
sive mechanisms of mitigating stress effects are mani-
fested. The effective mineraization time increases,
which provides the prolongation of microorganism
activity and, in turn, gives grounds for substitution of
higher plants for lower ones. From this moment, a part
of the low-molecular nitrogen-containing compounds
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entering the soil are included in stable high-molecular
ones predominately by chemical means and enrich
them with nitrogen. Humin and HA are formed
(the amount of nitrogen in HA is 1.3-1.5 times higher
than that in FA [18]). The enrichment of HA and FA
with nitrogen continues. These high-molecular com-
pounds function in soil according to the mechanism of
fragmental renewal of molecular parts [26] and practi-
cally are not subjected to complete decomposition and
renewal, in contrast to the initial plant residues and
products of their transformation—mobile FA. Low-
molecular compounds become important at further soil
evolution in processes of humus renewal. Their role is
determined by the rate of the cycles “new formation—
decomposition” and “inclusion in humus—elimination,”
but not by their total concentration in soil, in contrast to
theinert substances. In mature soil, the key rolein humus
renewal belongs to low-molecular compounds (in par-
ticular, amino acids[16, 30]). Upon an increasein their
concentration in local zones or in separate seasons of
the year (i.e., at local or tempora excess), they are
included chemically in the sites of enzymatically elim-
inated less stable fragments. High-molecular com-
pounds play a secondary role in the soil formation.
Upon their decomposition, mobile FAs arise, which are
characterized by intramolecular transformation and
slow but complete decomposition of separate mole-
cules, though not by the processes of fragmental
renewal (the analogueisgivenin [37]). Accounting for
the stability of the molecular-mass distribution of FA,
the so-called matrix renewal of humus, which is spe-
cific for each soil [26], it can be supposed that FAs are
the decomposition products of those fractionsor groups
of humus which are characterized by a stable molecu-
lar-mass distribution or which are formed at a stable
ratio between the components of the plant litter.

Hence, mature soil functions mainly through the
turnover (microbiological formation, chemical incor-
poration into and microbiological or hydrolytic elimi-
nation from humus molecules) of low-molecular com-
pounds. Moreover, in mature soil, a part of low-molec-
ular N-containing compounds necessary for plants and
microorganisms is stored temporally as humus mole-
cules (mainly humin), which play the buffer role during
stress situations [17, 18, 41, 55]. Thus, in mature soil,
buffer mechanisms become active and are realized at
the expense of fast recycling processes, and not pas-
sively, at the expense of a high amount of stored
semidecomposed organic residues, as takes place in
primitive or forming soils.

Thus, at the early stages of soil formation, the selec-
tion of organic compounds occurs during the domination
of passive mechanisms: poorly decomposable material
isstored in soil.

On the other hand, in the mature soil, active mecha-
nisms of selection are at work: chemically and biol ogi-
cally active compounds with high turnover rates play a
predominant role. This approach supplements the known
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scheme of organism succession: at the early stages,
r-strategists, which have the most active survival mech-
anisms, predominate, while in a climax ecosystem
K-strategists prevail, which are the most thermodynam-
icaly suited to the ecosystem structure and implement
“passive” survival mechanisms.

At first glance, it does not agree with the known fact of
the accumulation of thermodynamically stable com-
pounds in the course of the humification process[11, 45],
especially in soilswith the longest PBA [17-19]. How-
ever, this fact reflects only the result of humus forma:
tion, and not the process itself. In our opinion, in
mature soil, an accumulation of initialy labile nutrients
occurs in nonavailable forms. The scheme advanced
(Fig. 3) agrees well with and explains the internal
mechanisms of kinetic humification theory developed
from correlation interrelationships [19]: in soils with a
long PBA, the total amount of low-molecular
compounds during ayear is considerably higher thanin
soils with a short PBA because of the higher cycling
rate (synthesis—destruction). This is conditioned not
only by the duration of PBA, but also by alonger bio-
logically active time and higher concentration of low-
molecular nonspecific compoundsin mature soils com-
pared to undeveloped ones. (Supposedly, the ratio of
the mass of annually formed low-molecular 1abile com-
pounds to the total mass of poorly decomposable high-
molecular onesin soilswith along PBA isalso higher.)

The more active synthesis of low-molecular nitro-
gen-contai ning compounds that have amajor impact on
humification and their incorporation into HA are
responsible for the formation of the humate type of
humus in soilswith along PBA.

The scheme advanced clearly describes the forma-
tion and evolution of the soil from an inert system into
a bioinert one. This evolution is accompanied by a
change in humification mechanisms. thermodynami-
cally stable compounds accumulate in inert systems,
while labile compounds, in bioinert ones, despite the
necessary high energy expenses.

CONCLUSION

The state of a soil system is the final result of the
processes and only partialy characterizes its function-
ing. The suggested hypotheses on the formation and
functioning of humic substancesin soils and the impact
of low-molecular compounds on the formation and
renewa of high-molecular compounds mativate and pre-
determinethe strategy of studiesin thisfield. A function-
ally oriented approach for studies of humic substances
was advanced by Fokin [27]. Considerably greater
attention should be paid to compounds with a high
cycling rate—amino acids, carbonic acids, and sugars.
In the determination of their impact on thetotal balance
of compounds and on various processes of transforma:
tion and renewal of humus, cal cul ation of the amount of
synthesis of such compounds per unit timeis necessary.

EURASIAN SOIL SCIENCE  Vol. 29

No. 12 1996

1339

ACKNOWLEDGMENTS

We are grateful to F.I. Kozlovskii and V.V. Demin
for recommendations and critical comments made dur-
ing the revision of the manuscript. This work was sup-
ported by the Russian Foundation for Basic Research.

REFERENCES

1. Aleksandrova, L.N., Organicheskoe veshchestvo pochvy
i protsessy ego transformatsii (Soil Organic Matter and
the Processes of Its Transformation), Leningrad: Nauka,
1980.

2. Aristovskaya, T.V., O nekotorykh itogakh rabot po
Mezhdunarodnoi Biologicheskoi Programme v oblasti
pochvennoi mikrobiologii (Some Results of the Work on
the International Biological Program in Soil Microbiol-
ogy), Leningrad: Vses. Akad. S—kh. Nauk im. V.I. Len-
ina, 1975, pp. 5-15.

3. Aristovskaya, T.V., Mikrobiologiya protsessov pochvoo-
brazovaniya (Microbiology of Soil Formation Pro-
cesses), Leningrad: Nauka, 1980.

4. Bab'eva, |I.P. and Zenova, G.M., Biologiya pochv (Soail
Biology), Moscow: Mosk. Gos. Univ., 1989.

5. Bazilevich, N.I., The Experience of Conceptua Soil
Modeling, Dokl. Akad. Nauk SSSR, 1978, val. 240, no. 4,
pp. 959-962.

6. Bazilevich, N.I., Titlyanova, A.A., and Smirnov, V.V,
Metody i zucheniya biol ogicheskogo krugovorota v razli-
chnykh zonakh (Methods of Studying Biological Turn-
over in Various Zones), Moscow: Mysdl’, 1978.

7. Bashkin, V.N., Biogeochemistry of Nitrogen in Agrolan-
dscapes, Pochvovedenie, 1988, no. 7, pp. 145-153.

8. Biryukova, O.N. and Orlov, D.S,, Period of Biological
Activity of Soil and Its Relation to the Group Composi-
tion of Humus, Biol. Nauki (Moscow), 1978, no. 4,
pp. 115-119.

9. Grishing, L.A., Transformation of Organic Matter and
Humus State of the Soil, Doctoral (Biol.) Dissertation,
Moscow: Moscow State Univ., 1982.

10. Evdokimova, G.A., Productivity of Microorganisms in
Rhizosphere of Perennial Cereals in the Far North,
Zakonomernosti razvitiya pochvennykh mikroorganiz-
mov (Regularities in the Development of Soil Microor-
ganisms), Leningrad: Vses. Akad. Skh. Nauk im. V.I. Len-
ina, 1975, pp. 87-104.

11. Kononova, M.M., Organicheskoe veshchestvo pochvy,
ego priroda, svoistva i metody izucheniya (Soil Organic
Matter and Its Nature, Properties, and Methods of
Study), Moscow: Akad. Nauk SSSR, 1963.

12. Kononova, M.M., Humus Formation and Decomposi-
tionin Soil, Usp. Mikrobial., 1976, no. 11, pp. 134-151.

13. Krapivin, V.F., Svirezhev, Yu.M., and Tarko, A.M.,
Matematicheskoe modelirovanie global’nykh bios-
fernykh protsessov (Mathematic Modeling of Global
Biosperic Processes), Moscow: Nauka, 1982.

14. Kuzyakov, YaV., Isotope Indicator Study of Behavior of
Uracile, Glycine, and Alanine in Soddy-Podzolic Soil,
Cand. <ii. (Biol.) Dissertation, Moscow, 1990.

15. Kuzyakov, YaV. and Galitsa, S.V., Decomposition
Kinetics of (2-1C) Glycineand ItsInclusionin Fractions



1340

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

of Humic Substances in Sierozems with Different Salt
Content, Pochvovedenie, 1993, no. 4, pp. 25-34.

Ovchinnikova, M.F., Forms of Organic-bound Nitrogen
Compounds in Some Fractions of Soil Humus, Vestn.
Mosk. Univ., 1965, no. 4, pp. 75-85.

Orlov, D.S., The Role of Humic Acids and the Condi-
tions of Their Formation, Biol. Nauki (Moscow), 1974,
no. 8, pp. 113-123.

Orlov, D.S., Gumusovye kisloty pochv i obshchaya teor-
iya gumifikatsii (Soil Humic Acids and General Theory
of Humification), Moscow: Mosk. Gos. Univ., 1990.

Orlov, D.S. and Ovchinnikova, M.F.,, Various Forms
of Nitrogen Compounds in Sierozems, Chernozems,
and Soddy-Podzolic Soils, Agrokhimiya, 1966, no. 1,
pp. 3544.

Orlov, D.S. and Biryukova, O.N., Humus State of Soils
as a Function of Their Biological Activity, Pochvovede-
nie, 1984, no. 8, pp. 39-49.

Panikov, N.S., Growth Kinetics of Microorganisms
(General Regularities and Ecological Applications),
Doctoral (Biol.) Dissertation, Moscow, 1988.

Panikov, N.S., Sadovnikova, L.K., and Fridland, E.V.,
Nespetsificheskie soedineniya pochvennogo gumusa
(Nonspecific Compounds of Soil Humus), Moscow:
Mosk. Gos. Univ., 1984.

Ugrekhelidze, D.Sh. and Dolidze, V.K., Glycine Partici-
pation in Humus Formation, Agrokhimiya, 1987, no. 3,
pp. 71-76.

Umarov, M.M., Assotsiativnaya azotfiksatsiya (Associa
tive Nitrogen Fixation), Moscow: Mosk. Gos. Univ.,
1986.

Umarov, M.M. and Aseeva, 1.V., Free Amino Acids of
Some Soils in the USSR, Pochvovedenie, 1971, no. 10,
pp. 108-111.

Fokin, A.D., Assimulation of Organic Compounds and
Their Decomposition Products in Humic Substances of
Soils, lzv. Timiryazevsk. Skh. Akad. (Moscow), 1974,
no. 6, pp. 99-110.

Fokin, A.D., Ecological Biochemica Approaches to
Optimization of Agroecosystems, Pochvovedenie, 1988,
no. 9, pp. 71-75.

Fokin, A.D. and lbragimov, K.Sh., Uptake of Organic
Compounds by Plants from Plant Residues Decomposed
in Podzolic and Soddy-Podzolic Soils, 12v. Timiryazevsk.
S—kh. Akad. (Moscow), 1983, no. 6, pp. 74-80.

Fokin, A.D., Knyazev, D.A., and Kuzyakov, YaV.,
Decomposition of Amino Acids and Nucleic Acids
Labeled by “C and *>N in Soils and the Uptake of Trans-
formation Products by Plants, Pochvovedenie, 1992,
no. 10, pp. 70-80.

Fokin,A.D., Knyazev, D.A., and Kuzyakov, Ya.V., Inclu-
sion of 1C and 1°N Amino Acids and Nucleic Bases in
Humic Substances and Renewal Rate of Their Atomic
Molecular Composition, Pochvovedenie, 1993, no. 12,
pp. 39-46.

Cherkinskii, A.E. and Brovkin, V.A., Model of Humus
Profile Formation of Modern Soil by Radiocarbon Dat-
ing, Dokl. Akad. Nauk SSSR, 1989, vol. 307, no. 5,
pp. 1227-1231.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49,

50.

51.

EURASIAN SOIL SCIENCE Vol. 29

KUZYAKQV

Chichagova, O.A., Radiouglerodnoe datirovanie vozrasta
pochv (Radiocarbon Dating of Soil Age), Moscow:
Nauka, 1985.

Shakirova, R.K. and Khaziev, FKh., Influence of Agro-
management on the Content of Amino Acidsin Podzolized
Chernozem, Pochvovedenie, 1978, no. 7, pp. 63-71.

Biochemical Pathways, Michal, G., Ed., Mannheim
Boeringer: University, 1992, part 1, 3rd ed.

Brockhaus ABC, Biochemie, Leipzig: VEB F.A. Brock-
haus, 1976.

Cherkinsky, A.E. and Brovkin, V.A., Dynamics of
Radiocarbon in Soil, Radiocarbon, 1993, val. 35, no. 3,
pp. 363-367.

Chichagova, O.A. and Cherkinsky, A.E., Problems in
Radiocarbon Dating of Soils, Radiocarbon, 1993, val. 35,
no. 3, pp. 351-362.

Dashman, T. and Stotzky, G., Adsorption and Binding of
Amino Acids on Homoionic Montmorillonite and
Kaolinite, Soil Biol. Biochem., 1982, vol. 14, no. 5,
pp. 447-456.

Ddbereiner, J. and Day, J.M., Nitrogen Fixation by Free
Living Microorganisms, Sewart, W.D.R., Ed., Cam-
bridge University Press, 1975, pp. 39-56.

Engel, T., Klocking, B., Priesack, E., and Schaaf, T.,
Smulationsmodelle zur  Sickstoffdynamik, Stuttgart:
Eugen Ulmer GmbH & Co, 1993.

Franko, U., C- und N-Dynamik beim Umzats organisher
Substanzen im Boden, Dissertation B., AdL, Minche-
berg—Bad Lauchstédt, 1990.

Haider, K., Problems Related to the Humification Pro-
cesses in Soils of Temperate Climates, Soil Biochem.,
1992, vol. 7, pp. 55-94.

Jenkinson, D.S., Adams, D.E., and Wild, A., Model Esti-
mates of CO, Emissionsfrom Soil in Responseto Global
Warming, Nature, 1991, vol. 351, pp. 304-306.

. Kartschall, Th., Simmulationsmodell der Bodenstickst-

offdynamik, AdL, Bereich Pflanzenproduktion, Disser-
tation A,, Berlin: Inst. ILID, 1986.

Kleinhempel, D., Ein Beitrag zur Theorie des Huminst-
offzustandes, Albrecht-Thaer-Arch., 1970, vol. 14,
pp. 3-14.

Kuzyakov, YaV., Model of CO, Emission by Decompo-
sition of Low-molecular Weight Organic Substances in
Soil, Modelling of Geo-Biosphere Processes, Cremlin-
gen: Catena Supplement, 1993, val. 2, pp. 183-191.

Loll, M.J. and Bollag, JM., Protein Transformation in
Soil, Adv. Agron., 1983, val. 36, pp. 351-382.

McGill, W.B. and Paul, E.A., Fractionation of Soil and
15N Nitrogen to Separate the Organic and Clay Interac-
tions of Immobilized N, Can. J. Soil i, 1976, vol. 56,
no. 3, pp. 203-212.

Muller—Wegener, U., Wechselwirkungen von Huminst-
offen mit Aminosauren, Z. Pflanzenernahr., Dueng.
Bodenk—d., 1982, vol. 145, pp. 411-420.
Nissenbaum, A. and Schallinger, K.M., The Distribution
of the Stable Carbon Isotope (*3C/*2C) in Fractions of Soil
Organic Méatter, Geoderma, 1974, vol. 11, pp. 137-145.
Post, W.M., Emmanuel, W.R., Zinke, PJ., and Stangen-
berger, A.G., Soil Carbon Pools and World Life Zones,
Nature, 1982, vol. 298, pp. 156-159.

No. 12 1996



52.

53.

55.

56.

. Schlesinger, W.H.,

TRANSFORMATION OF LOW-MOLECULAR NITROGEN-CONTAINING COMPOUNDS

Schlesinger, W.H., Carbon Balance in Terrestrial Detri-
tus, Annu. Rev. Ecol. Syst., 1977, vol. 8, pp. 51-81.
Schlesinger, W.H., Evidence from Chronosequence
Studies for a Low Carbon-Storage Potential of Soails,
Nature, 1990, vol. 348, pp. 232-234.

Biogeochemistry: An Analysis of
Global Change, San Diego: Academic, 1991.

Siewert, Ch., Okosystemorientierte Grundlagen der
Humusqualitétbestimmung, Tell 1. Theoretisches
Konzept zur Ableitung okosystemarer Humusfunk-
tionen, Arch. Acker-, Pflanzenernahrung und Boden-
kunde, 1994, val. 38, pp. 127-147.

Tena, M., Pinilla, JA., and Magallanes, M.L., L-Pheny-
lalanine Deaminating Activity in Soil, Soil Biol. Bio-
chem., 1986, val. 18, no. 3, pp. 321-325.

EURASIAN SOIL SCIENCE Vol. 29 No. 12 1996

57.

58.

59.

60.

1341

Verma, L., Martin, J.P, and Haider, K., Decomposition
of Carbon-14 Labelled Proteins, Peptides and Amino
acids; Free and Complexed with Humic Polymers, Soil
Sci. Soc. Am. Proc., 1975, val. 39, pp. 279-284.

Witthauer, J. and Klécking, R., Bindungsarten des Stick-
stoffes in Huminsauren: 1. Mitteilung: Stickstoffgehalt
natirlicher Huminsduren (Ubersichtsbeitrag), Arch.
Acker-, Pflanzenbau Bodenk—d., 1971, vol. 15, no. 8,
pp. 577-588.

Zeichmann, W., Konnen Zeitabfolgen im Humifi-
zierungsprozess erfasst werden?, Geoderma, 1977,
vol. 17, no. 10, pp. 303-314.

Zeichmann, W., Modell and Redlitdt bel Huminstoffen,
Telma, 1986, vol. 16, pp. 245-258.



