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Abstract—Comparative analysis of the climatic characteristics and the recalcitrance against decomposition
of organic matter in the zonal soil series of European Russia, from peat surface-gley tundra soil to brown
semidesert soil, has assessed the relationships between the period of biological activity, the content of chem-
ically stable functional groups, and the mineralization of humus. The stability of organic matter has been
determined from the ratio of functional groups using the solid-state '*C NMR spectroscopy of soil samples
and the direct measurements of organic matter mineralization from CO, emission. A statistically significant
correlation has been found between the period of biological activity and the humification indices: the
Cya/Cra ratio, the aromaticity, and the alkyl/O-alkyl ratio in organic matter. The closest correlation has been
observed between the period of biological activity and the alkyl/O-alkyl ratio; therefore, this parameter can
be an important indicator of the soil humus status. A poor correlation between the mineralization rate and
the content of chemically stable functional groups in soil organic matter has been revealed for the studied soil
series. At the same time, the lowest rate of carbon mineralization has been observed in southern chernozem

characterized by the maximum content of aromatic groups (21% C,,,) and surface-gley peat tundra soil,
where an extremely high content of unsubstituted CH, and CHj alkyl groups (41% C,,,) has been noted.
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INTRODUCTION

The increase of CO, concentration in the atmo-
sphere causes a greenhouse effect, which favors global
climate changes. This prompted the world community
to develop measures for mitigating the greenhouse
effect, which should be based on the pattern of carbon
assimilation by the plant cover, as well as carbon humi-
fication and mineralization in the soil. On the one
hand, the development and implementation of mea-
sures increasing the productivity of forest, meadow,
and agroecosystems will compensate the increase of
CO, concentration in the atmosphere and bind the
carbon dioxide assimilated by plants into stable com-
pounds of soil humus [9]. On the other hand, not only
the increases, but even the stabilization of carbon stor-
age in the soil at the current level, will mitigate the
implications of the global warming, because the
decomposition of soil organic matter (OM) is more
sensitive to temperature changes than the assimilation
of carbon during the photosynthesis of plants [9, 25].

The classical theories of humification proposed by
Kononova, Aleksandrova, and Orlov in the past cen-

tury imply the formation of condensed polyaromatic
compounds—humic acids (HAs), fulvic acids (FAs),
and humin—significantly more resistant to decompo-
sition than the original plant residues [1, 8, 15]. How-
ever, the results of incubation experiments on the
decomposition of polyaromatic hydrocarbons, lignin,
and HA isolated from the soil do not confirm the wide-
spread idea of the high chemical stability of humic
substances: the microbial community is capable of
decomposing any natural substrate [31].

The conclusion about the minor importance of the
molecular structure of OM in its stabilization in the soil
was based on the wide use of '*C NMR spectroscopy in
soil and ecological studies. The synthesis of the accu-
mulated data on the proportions of functional groups of
OM revealed no reliable correlations between OM
structure, climate, soil type, and humus storage [30].
Moreover, a correlation between the content of struc-
tural fragments and the degree of OM humification,
i.e., significant structural differences among the main
groups of humic substances (HAs, FAs, and humin),
cannot be always revealed [28, 30].
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In the zonal series of soils of European Russia,
from tundra to semidesert, the degree of humification,
which is estimated from the Cy,/Cp, ratio, is deter-
mined by the period of biological activity (PBA); i.e.,
the Cya/Cp, ratio is related to the climate and the soil
type [4, 13, 17]. Along with the degree of humifica-
tion, Orlov et al. proposed inclusion the PBA and the
degree of benzoidicity of HAs to expand the system of
parameters of the soil humus status [17]. The degree of
benzoidicity was calculated from the data of elemental
analysis and the content of oxygen-containing func-
tional groups [16]. At present, 3C NMR data are used
for the determination of an analogous parameter: the
degree of aromaticity, which is the ratio between the
content of aromatic fragments and the sum of aro-
matic and aliphatic functional groups excluding the
carboxyl groups [20, 22, 30]. For assessing the rela-
tionship between the structure of humus and the soil
type, HA’s in a less representative series from soddy-
podzolic to light chestnut soils were studied by
BC NMR spectroscopy [20, 22, 33], and a signifi-
cantly higher aromaticity was revealed in the steppe
soils compared to the soils of the forest zone.

For the more complete characterization of humus,
the aromaticity should be assessed not only for HAs,
but also for the entire OM pool in a wide variety of soils
types from tundra to semidesert, and its relationship
with the PBA should be determined. The aromaticity;,
in the opinion of the authors of this index, should char-
acterize not only the degree of humification, but also
the decomposition resistance of OM. The estimation of
the relationship between the stability and aromaticity
requires direct determinations of OM mineralization
from CO, emission.

The aims of the work were to reveal correlation
between the PBA, the rate of mineralization, and the
OM aromaticity for assessing the relationship between
the climate, the soil type, and the structure of soil OM
and to determine the importance of chemical stability
as a mechanism of OM stabilization in different soil
types of European Russia.

OBJECTS AND METHODS

The studied zonal soils expand from north to south
in European Russia. The climatic parameters, the com-
position of plant communities, and the properties of
soils significantly vary in the zonal series (Tables 1, 2).
Soil samples of predominantly loamy composition were
taken from the 0—10-cm layer under natural zonal
plants, passed through a 2-mm sieve, air dried, and
transported to the laboratory.

The decomposition constants of OM were deter-
mined from the cumulative loss of CO, during incuba-
tion. The soil samples were incubated at constant tem-
perature and water content in four replicates for a year.
For this purpose, 10 g of soil was put in a vial of 100 mL
and wetted to 70% of field water-holding capacity. The
sealed vials were incubated at a constant temperature
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of 22°C. The water content of the samples was main-
tained constant by the periodical addition of small
water volumes up to the initial sample weight. Gas
samples were taken on the 1st, 3rd, 5th, 7th, 10th, and
14th days and then weekly. The soil respiration rate was
determined from the accumulation of CO, in the
intervals between gas samplings. The vials were peri-
odically ventilated, when the concentration of CO, in
the gas samples exceeded 2%.

The cumulative curve of CO, emission was approx-
imated for the period of experiment using the equation

Y, =1-Ae™ —(1 - A)e™, (1)

where Y, is the cumulative loss of C—CO, for time ¢
expressed as the portion of the initial C,,, content in
the soil; A, is the proportion of the labile pool; and k;
and k, are the decomposition constants of the labile
and recalcitrant pools, respectively.

The microbial biomass (C,,.) in the soil was deter-
mined by the substrate-induced respiration method
[25]. Soil samples of 2 g were wetted to 60% of field
water-holding capacity and preincubated at 22°C for
7 days. After the end of preincubation, a glucose solu-
tion was added to the soil at a rate of 10 mg/g soil. The
substrate-induced respiration was determined from the
accumulation of CO, 3 h after the addition of glucose.
The value of C,,;. was calculated from the substrate-
induced respiration data (V) using the equation

Cmic = 40.04 VSIR + 3.75 (2)

The group composition of humus was determined
by the Ponomareva—Plotnikva method [14].

The structural fragments of OM were studied by
solid-state *C NMR spectroscopy. To remove iron
compounds, which degrade the quality of *C NMR
spectra, the soil samples were treated with 10% HF [28].
An HF solution (50 mL) was added to 5 g of soil; the
mixture was left to stand for 12 h and centrifuged at
3000 rpm. The precipitate was fivefold washed with dis-
tilled water and dried at 50°C. The absence of acid in
the precipitate was controlled from the supernatant pH.

The BC NMR spectra of soil samples were recorded
on a Bruker Avance-II NMR 400 spectrometer with a
frequency of 100.4 MHz and a 4-mm two-channel
MAS detector. 3C NMR spectra were recorded using
pulsed procedures with controlled polarization transfer.
The positions of peaks in the spectrum (chemical shift)
were referred to the position of the CH, groups in the
structure of adamantan.

For identification, the spectra were subdivided into
regions corresponding to different structural fragments
[20, 22, 28]: 0—45 ppm, unsubstituted alkyls (aliphatic
fragments composed of CH, and CH; groups); 45—
110 ppm, O-alkyl groups of carbohydrates and proteins;
110—140 ppm, unsubstituted or alkyl-substituted aro-
matic structures (H(C)-aryls); 140—160 ppm, O-substi-
tuted (phenolic) aromatic fragments (O-aryls); 160—
190 ppm, carbonyls of the COOH groups; 190—
220 ppm, carbonyls of aldehydes and ketones.
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Table 2. Climatic characteristics and properties of soils (A1 horizon) in the zonal series
Mean annual value Number of days
Soil Y p.recipita_ />10°C PBA* pHKCl Corg’ % CHA/CFA Cmica pne C/g
’ tion, mm
PGS —6.3 550 43 43 4.4 2.64 +£0.21 0.58 144 + 38
P 0.4 514 102 102 4.0 0.44 £ 0.02 0.32 885
PS 0.4 514 102 102 4.8 2.65+0.13 0.37 440 £ 100
SP 3.2 653 120 120 5.6 3.21 +£0.13 0.70 480 £ 32
GF 3.9 582 137 137 5.9 3.15+0.17 0.99 620 £ 9
oC 5.2 459 149 149 6.8 7.60 £0.12 3.15 1250 = 13
SC 5.5 390 159 154 6.9 4.61 £0.15 2.33 786 =20
C 7.2 378 166 116 7.1 2.31 £0.08 0.97 400 = 8
BSD 7.8 243 175 50 7.4 0.53£0.03 0.38 92+6

* (PBA) period of biological activity.

The content of C,,, in the soil was determined on a
Vario EL IIT CHN analyzer.

The concentration of CO, was determined on a Kri-
stallux-4000 chromatograph with a thermal conductiv-
ity detector. The gas mixture was separated in 3-m col-
umns packed with Porapak-Q at 50°C.

The results of analyses were calculated per oven-
dry soil basis.

The relationship between the PBA and the degree
of humification (Cy,/Cgs) Was estimated using the
equation proposed by Morozov [13]

Y =Y+ a(B = Bx) 0 — Pr), 3)
where Y = Cya/Cra; B = PBA; v« and B« are the critical
(minimum) values of Cy,/Cg, and PBA (0.3 and 43,
respectively). The value of © is equal to 1, if B > 3«, and
0 is 0, if B < B« The duration of PBA for the studied
soils was calculated from the data of the nearest mete-
orological stations [18]. The numbers of droughty days
in the dry-steppe and semidesert zones were borrowed
from the agroclimatic reference book [12]. After the
calculation of parameters a and # for the studied soils,
the following expression was obtained:

Cua/Cra = 0.3 + 5 x 10-8(PBA—43)350(PBA—43). (4)

Parameters of Egs. (1) and (3) were calculated
using the Markquardt algorithm [21].

RESULTS AND DISCUSSION

For all zonal soils, the obtained 1*C NMR spectra
include a set of maximums typical for soil OM: alkyls,
O-alkyls, aryls, and carbonyls. The most contrast
spectra of OM from surface-gley peat soil and typical
chernozems are given in Fig. 1. The content of alkyl
groups is maximum in the tundra soil and minimum in
the ordinary chernozem. Extreme contents of aro-
matic groups were also observed in these soil types: the
minimum content of aryls (9%) was in OM of gley
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tundra soil, and their maximum content (21%) was
found in OM of ordinary chernozem.

The calculated contents of functional groups in
OM of zonal soils (Fig. 2) indicate that similar con-
tents of O-alkyls (the main components of plant resi-
dues) were typical for the spectra of all soils. The

(@)

ppm

200 150 100 50 0

ppm

Fig. 1. 3¢ NMR spectra of organic matter from (a) sur-
face-gley peat soil and (b) typical chernozem.
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series of soils.

decrease in the proportion of these structural frag-
ments is the major transformation process of plant res-
idues during humification in the all soils. In plant res-
idues, the content of O-alkyls is 60—85% [29, 32]; the
proportion of these fragments in OM is significantly
lower: 44.8 + 8.5% on the average [30]. In the studied
zonal soils, the content of O-alkyls was 42—48%. Even
in the soils developed under unfavorable hydrothermal
conditions (gley tundra and brown semidesert soils),
the content of O-alkyls similar to that in chernozemic
soils was observed. Thus, deep transformation of the
original plant material occurs in all zonal soils, even
under slow biological turnover at low temperature
(surface-gley peat soil) and water content (brown
semidesert soil), which indicates adaptation of the
waste-degrading microbial community to unfavorable
environmental conditions.

In Fig. 2, all zonal soils are arranged on the abscissa
according to their location from north to south, and
the dependence of alkyl content on the geographical
latitude of soils has an aspect of a U-shaped curve. The
content of alkyls first decreased when going from the
tundra soils (40.5%) to the chernozems (21.5%), and
then increased again from the chernozems to the
brown semidesert soils.

According to the content of aromatic components,
the studied soils were subdivided into two groups:
(1) the soils of the tundra and taiga zones that devel-
oped under bushy and woody plants and (2) the soils of
the steppe series. The first group included the soils in
which the content of aromatic groups gradually
increased from 9 to 16%. In the soils of the second
groups, the content of aryls was 18—21%. The deter-
mination error of functional groups was 1—-2%; there-

fore, it may be stated that the soils of the steppe series
little differed in the content of aromatic fragments.

Carboxyl groups were uniformly distributed among
the types of the studied soils. The soils of the northern
areas (gley tundra and podzolic soils) were character-
ized by a decreased content of COOH groups (8—9%);
in the other soil types, the content of carboxyl groups
was 11-12%.

The processing of dry-steppe soils (chestnut and
brown semidesert ones) was accompanied by signifi-
cant losses in C,,, to 25 and 40% of the original OM
content, respectively. At the removal of iron from the
other zonal soils, the losses of C,, were 2—7%. In spite
of these values, the quantitative analysis of spectra in
brown semidesert soils was successfully performed
only after the HF treatment. In preliminary experi-
ments with gray forest soils and ordinary chernozem,
the comparison of spectra before and after the HF
treatment revealed no significant differences between
the ratios of functional groups. An analogous result
was obtained earlier for soils of the Lower Carbonic,
although the HF treatment resulted in significant
losses of OM [23]. Therefore, at the current stage of
studies, the 3C NMR spectra of zonal soils can be
compared, in spite of different OM losses at the
removal of iron from the samples.

The soils of the zonal series have loamy texture, but
in some cases (podzol and brown semidesert soil), the
upper horizons consist of loamy sands. The compari-
son of the contents of functional groups in the OM of
iron-illuvial podzol and loamy soddy-slightly podzolic
soil in the zone of podzolic soils shows similar struc-
tures of OM in the both soil types (Fig. 2). The main
differences were observed for the content of C,,,: 0.44

and 2.65%, respectively; i.e., the content of OM in the

EURASIAN SOIL SCIENCE Vol. 48  No. 10 2015
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Fig. 3. Indices characterizing the OM humification depth in the zonal series of soils: (/) alkyl/O-alkyl ratio; (2) degree of aroma-

ticity; (3) Cya/Cpp ratio.

soil of sandy texture was lower than in the soils of
medium-loamy texture by six times. With consider-
ation for the similar distributions of functional groups
in OM of podzols with different textures, we think that
this factor may be ignored at the first stage of OM anal-
ysis in zonal soils. The effect of soil texture on the con-
tent of OM functional groups in all soil zones should
be assessed in further studies.

In spite of the diversity of plant communities and
climatic conditions, it was revealed that OM has simi-
lar structure in different soil types of the Russian Plain.
In the series from tundra to semidesert, the vegetation
productivity varies by about five times [3] and the
duration of PBA varies by more than four times. At the
same time, the content of functional groups in OM of
zonal soils varies by no more than two times. The
structural similarity of OM can be related to the high
adaptation capacities of microbial communities
humifying plant residues in different soil types. The
obtained results agree with the literature data. The sets
of functional groups in OM of tundra and podzolic
soils were similar to those in tundra soils of Alaska [26]
and podzols of European Russia [11]. An analogous
tendency was revealed at the comparison of the
changes in the HA structural fragments in the series
from soddy-podzolic to dry-steppe soils [20, 22, 33]
with the changes in the OM functional groups in anal-
ogous soils of the studied zonal series. An increase in
the content of aromatic fragments is observed in the
series from soddy-podzolic soils to chernozems, and
the differences between the chernozems and the soils
of dry steppes (chestnut and light chestnut soils) are
related to the content of aliphatic fragments.

In the studied zonal series, the Cy,/Cp, ratio var-
ied in a wider range (0.3—3.2) than the other humifi-
EURASIAN SOIL SCIENCE Vol. 48
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cation parameters: the alkyl/O-alkyl ratio (0.4—1.0)
and the degree of aromaticity (0.10—0.23) (Fig. 3).
The changes of the alkyl/O-alkyl ratio in the zonal
series were analogous to those in the content of
O-alkyls; i.e., they represented a U-shaped curve
with a minimum in the zone of chernozems. The
degree of OM aromaticity, like the content of aryls,
increased when going from the tundra soils to the
chernozems and remained almost unchanged from
the chernozems to the brown semidesert soils. The
Cua/Cpa ratio corresponded to the known tendency:
a maximum was observed in the zone of chernozems,
as were minimums in the podzols and the brown
semidesert soils.

The changes in the main indicators of OM struc-
ture agree with those of PBA in the zonal series
(Fig. 4). The alkyl/O-alkyl ratio is inversely propor-
tional to the PBA, and the degree of aromaticity
directly depends on the PBA.

Some authors recommend the alkyl/O-alkyl ratio
to be used as an index for the quantitative character-
ization of the degree of humification [29, 32, 34]. The
fact is that the relative accumulation of aromatic frag-
ments is not always observed during the transforma-
tion of plant material [32, 34].

The value of R? for the linear regression between the
PBA and the alkyl/O-alkyl ratio was high: 0.88
(Fig. 4a). The value of R? for the relationship between
the PBA and the degree of aromaticity was significantly
lower: 0.53 (Fig. 4b). From Eq. (4), a close nonlinear
correlation existed between the PBA and the Cyy,/Cpa
ratio, which is traditionally considered as the main
humification index [6, 17]; the R? value was 0.73
(Fig. 3c). Thus, the correlation between the
alkyl/O-alkyl ratio and the PBA was more significant
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than that between the Cy;,/Cp, ratio and the PBA. This
was due to the nonmonotonic increase of the Cyy,/Cpa
ratio with increasing PBA in the series from the tundra
soils to the chernozems. The Cy,/Cp, ratio in the tun-
dra soil (0.58) was higher than that in the podzol (0.32).
This could be related to the high spatial variability of the
Cya/Cpa ratio in both tundra and podzolic soils. From
literature data, the Cy,/Cpy ratio varies from 0.15 to
0.86 in the upper horizons of podzols [2] and from 0.08
to 3.2 in those of tundra soils [7].

The alkyl/O-alkyl ratio—which showed the high-
est linear correlation with the PBA—can be recom-
mended, along with the C,/Cp, ratio, for the charac-
terization of the soil humus status. The degree of OM
aromaticity was found to be a less appropriate param-
eter in the studied soils, because it insignificantly var-
ied in the series from the chernozems to the soils of dry
steppes. The obtained relationships between the
humification indices should be specified with consid-
eration for other soil types and the spatial variability of
these values within each soil zone.

The decomposition rate constants of the recalci-
trant pool of soil OM in the zonal series varied by three
times and had a bimodal distribution depending on the
geographical latitude (Fig. 5). The minimum values
(9 x 10~ days~") were observed in the tundra and cher-
nozemic soils. The soils of forests and dry steppes had
almost similar values of this parameter; the decompo-
sition constants of their stable pools were (2.2—2.8) x

10-* days~!. Therefore, an insignificant correlation
was observed between the decomposition constant of
the stable pool and the content of stable functional
(alkyl or aromatic) groups. At first sight, the obtained
data confirm the current idea about the low signifi-
cance of chemical stability as a mechanism of OM sta-
bilization [31]; however, in our opinion, the high sta-
bility of OM in the chernozems and the tundra soils is
closely related to the content of chemically stable
functional groups. The maximum content of aromatic
groups (20—21%) was observed in OM of the ordinary
and southern chernozems; the tundra soils contained
40% unsaturated alkyls. Both functional groups
impact the hydrophobic properties of OM; i.e., they
increase its resistance to decomposition [28]. The
increased content of aromatic fragments in humus is
traditionally considered to be the main reason for the
stability of chernozem [15]. The stability of OM in the
tundra soil with an extremely high content of alkyls
indicates that these functional groups, as well as the
aromatic groups, favor the low rate of OM decompo-
sition by microorganisms. The increased content of
alkyls in OM is usually observed in flooded soils (peat
and bog-podzolic ones) [11, 26]. Probably, the exces-
sive moistening of the surface-gley peaty tundra soil
results in the formation of OM enriched with stable
alkyl groups.

The stability of OM depends not only on the con-
tent of slowly decomposable structural fragments, but
EURASIAN SOIL SCIENCE Vol. 48
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also on the amount of microbial biomass (C,,;.) in the
soil. In the zonal series, the value of C,,;, varied by
about an order of magnitude, from 88 to 1250 ug C/g
soils, and corresponded to the content of organic car-
bon; i.e., it increased with increasing content of OM.
The content of microbial carbon also closely corre-
lated with the duration of the PBA (Fig. 4d).

The correlation between the OM microbial com-
ponent and the PBA becomes poor if the content of
microbial carbon is calculated per unit OM carbon. In
contrast to the PBA, the C,,,./C,, ratio insignificantly
varies depending on the soil type (Fig. 6). The propor-
tion of microbial carbon in most soils of the zonal
series is 1.5-2% C,,, which is typical for the soils
developed under natural vegetation [19, 24] and indi-
cates the adaptation of the microbial community to
the environmental conditions. Only in the tundra soil
OM is depleted in the microbial component: the pro-
portion of C, ;. is only 0.5% C,,. In other words, a rel-
atively smaller microbial biomass is involved in the
decomposition of OM in the soils with unfavorable
temperature and water regimes than in the soils devel-
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ratio and (2) the PBA values in the zonal series of soils.

oped under optimum climatic conditions. Thus, the
high recalcitrance of OM in surface-gley peat soil is
related not only to the chemical stability of OM, but
also to the smaller biomass of soil microorganisms
developed under low temperature and excess of
moisture.

CONCLUSIONS

In the zonal series of soils in European Russia, the
main differences in the structure of OM are related to
the contents of alkyl and aromatic fragments. The
contents of O-alkyl and carbonyl groups have no clear
trends and vary in the ranges of 43—50 and 8—13%
Cor> Tespectively. The content of aromatic functional
groups increases from 9 to 21% C,,, when going from
the tundra soils to the ordinary chernozems, and then
decreases to 17% C,,, when going from the southern
chernozems to the brown semidesert soils. The distri-
bution of unsubstituted alkyl groups among the soil
types has a U-shaped form: their content decreases
from 41 to 22% when going from the surface-gley peat



1118

tundra soils to the southern chernozem and increases
again to 31% C,,, in the brown semidesert soils. A sta-
tistically significant correlation is found between the
PBA and the humification indices (Cy/Cpa ratio,
alkyl/O-alkyl ratio, degree of OM aromaticity). The
closest correlation is observed between the PBA and
the OM alkyl/O-alkyl ratio; therefore, this index is
recommended to be included to broaden in the system
of parameters of the soil humus status after the synthe-
sis of OM structure in a wider variety of Russian soils.

The decomposition constants of the recalcitrant
OM pool calculated from the cumulative CO, emis-
sion indicate a poor correlation between the aromatic-
ity and the rate of OM mineralization. Among the soils
of the zonal series, the lowest mineralization rate con-
stants are observed in the southern chernozem and the
surface-gley peat tundra soil. The maximum propor-
tion of stable aromatic groups in OM is found in the
chernozem, and an extremely high content of unsub-
stituted alkyl (CH, and CHj;) groups is noted in the
tundra soil. The high stability of soil OM in the tundra
soil is related to the maximum content of chemically
stable alkyl groups and the low content of microbial
biomass (0.5% C,,,). In the other soils, the content of
Chic is 1.5-2% C,,,,, which apparently does not limit
the decomposition of OM.

More universal generalizations of tendencies in the
stability of OM require the study of the spatial hetero-
geneity of OM within the soil zone, as well as the
quantitative assessment of the effect of soil texture and
mineralogy on the composition of functional groups
and the mineralization of OM.
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