Transformation of Dry-Steppe Soils under Long-Term Agrogenic
Impacts in the Area of Ancient Olbia
F. N. Lisetskii and М. E. Rodionova
Belgorod National Research University, ul. Pobedy 85, Belgorod, 308015 Russia
e-mail: liset@bsu.edu.ru
Received September 10, 2013

Abstract— The results of the study of dark chestnut soils (Kastanozems) differing in the time and intensity of
their agricultural use and in the duration of the fallow stage are analyzed. Soil sequences differing in the char
acter of their agrogenic changes were studied in the rural area of ancient Olbia with a centuries-long history
of diverse economic activities, including crop growing. The agrophysical, agrochemical, and geochemical
characteristics were examined in order to assess the soil transformation processes in a sequence from the ini
tial virgin soil to the cultivated soil of the antique period in the fallow stage, the soil under recent (three—five
years) fallow, and modern plowed soils in the area of ancient farming. It was found that the contents of humus,
total nitrogen, and carbonates; the water stability of the soil aggregates; and the portion of coprolites in the
agronomically valuable aggregate fraction are sensitive indicators of the duration of the agrogenesis in the
dark chestnut soils. The manifestation of agrogenic processes at different hierarchical levels of the spatial and
temporal organization of the soil system depended on the duration and intensity of the farming practices.
Temporal abandonment of intensely cultivated lands in traditional farming practices with periodic initiation
of the natural processes of restoration of the soil fertility can be considered a suitable measure to regulate
agrogenic loads on the soils with the aim to enhance the self-organization processes in the soil system.
Keywords: ancient farming, pedogenesis, old-arable soils, indicators of agrogenesis, soil memory, dark chest
nut soils (Kastanozems)
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IN T R O D U C T IO N
Soils that have been subjected to long-term contin
uous cultivation (or discontinuous cultivation with fal
low stages) bear valuable inform ation im portant for our
knowledge of the mechanisms of soil evolution. In
response to the agrogenic loads, the soil system, as well
as the entire agrolandscape, reveals its natural potential
for sustainability in terms of its stable structural fea
tures and dynamic processes. Diverse chain reactions
o f transform ation and adaptation or degradation take
place in such soils [24]. In this context, it is o f great
interest to study polygenetic soils shaped in agrolan
dscapes with long-term history o f their agricultural use.
In the recent decades, new possibilities have appeared
in the study o f evolutionary changes in the substantive
and energy changes o f soil systems under the im pact of
the form er land use practices. Rem ote sensing data
make it possible to detect and reconstruct the spatiotem poral organization o f old-arable landscapes [7,
29, 38, 39]. Geoarchaeological and pedoarchaeological methods are actively applied to the study of histori
cal cultural landscapes [34, 35, 37, 42, 43, 45]. An his
torical approach to the study o f soil evolution [10]
implies the analysis of the relationships between the
evolutionary changes in the soil properties and the
(1) applied farming systems and the (2) duration of the

agricultural use of the soils. However, the analysis of
publications [46] shows that the results o f the im pact of
ancient farming on soils are difficult to interpret on the
basis of records in the soil system. In this context, fur
ther development of approaches aimed at revealing and
interpreting inform ation stored in soils as natural
archives is necessary.
The aim o f our work was to find the m ost inform a
tive indicators o f agrogenic processes on the basis of
the analysis o f evolutionary changes in the properties
of dry-steppe soils in a rural area o f ancient polis.
OBJECTS A N D M ETH O D S
The studied area is located on the right bank o f the
Bug Estuary between the villages o f Parutino and
Dneprovskoe (Ochakov district of Nikolaev oblast of
Ukraine) (figure). This territory belonged to the rural
area o f Olbia, an ancient G reek polis (6th century
BC—4th century AD) on the northern coast o f the
Black Sea. The analysis o f satellite images o f this area
showed the presence of geometric patterns related to
the boundaries o f ancient agricultural fields. Land sur
veying of this territory was perform ed in the first half of
the 5th century BC, when the boundaries of the partic
ular land plots were fixed in space. It is probable that
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Schematic map of field studies in the Lower Bug reaches (within the rural area of ancient Olbia) and (A) the Krestovyi Ravine
key site: (1) sampling points of soils (S) and parent materials (Pr), (2) location of key soil profiles (P), (3) boundaries of ancient
land allotments (as seen on satellite images), (4) supposed boundaries of land plots, (5) modern boundaries of erosional landforms, and ( 6) basements of buildings.

legal land ownership rights were established in the
same tim e period. The key site o f our studies was found
4.4 km to the south of Olbia within the largest land plot
o f the ancient tim e as identified by rem ote sensing
m ethods [33, 38].
It belongs to the Prichernomorskaya Lowland with
absolute heights o f up to 50 m a.s.l. and is character
ized by a dry and m oderately hot climate; the coeffi
cient o f climatic moistening (the precipitation-topotential evaporation ratio) is 0.4. Before its agricul
tural development, this area was under fescue—feather
grass steppes forming on slightly solonetzic dark
chestnut soils. At present, it belongs to a large agricul
tural enterprise specializing in cultivation of grapes
and cereals; the portion of agricultural lands reaches
86% o f the total area. The m odern environm ental
conditions of the steppe zone in the lower reaches of
the Bug River are characterized by the deficit of m ois
ture, unstable precipitation w ith considerable varia
tions during the growing season and from year to year,
and frequent droughts and dry winds. According to
generalized paleogeographic [9] and pedochronological [16] data, the bioclimatic conditions in this region
during the period o f ancient farming were relatively
stable; the energy potential of the pedogenesis was
23% lower than that in the m odern period.
The land use patterns o f the antique period and
later tim e were identified using aerial archive photos
and m odern satellite imagery from Google Earth and
TerraLook resources.

The agrogenic changes in the soil properties were
studied on a series of plots differing in the duration and
intensity of the agricultural impacts with the other fac
tors being relatively stable. The following objects were
exam ined: virgin plots (S8, S9), a cropland of the
antique period (at present, under long-term fallow)
(S3—S6), recent (three—five years) fallow plots (S2,
S7), and a m odern cropland in the area of ancient farm
ing (SI). Soil samples of standard volume (10 dm 3) were
taken. Samples o f the parent material (loess-like loam)
were taken from the С horizon (at the depth of 1.2 m) in
the reference profile of a virgin soil (Pr8) and in a soil
profile beyond the farming area (Pr9, the Krestovyi
Ravine). The assessment o f the agrogenic changes in
the soils was based on the analysis of several groups of
soil properties.
The group o f agrophysical properties included data
on the (a) aggregate-size distribution according to
N .I. Saw inov (the analysis was perform ed in tripli
cate), (b) the water stability o f the aggregates accord
ing to [2] (the analysis was performed in five replicates;
50 aggregates from each of the size fractions (5—3, 3—2,
2—1, and 1—0.5 m m) were analyzed), (c) the am ount
of coprolites (in triplicate), and (d) the water stability
of the coprolites. These data were used to calculate the
coefficient o f soil aggregation (ATaggr) , the m ean
weighted diam eter o f the water-stable aggregates (d),
and the biogeneity o f the soil aggregates (the m ean
weighted portion o f coprolites in the total am ount of
aggregates, %).
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The group o f agrochemical properties included
data on the contents o f hum us (determ ined by the
m ethod o f Tyurin) and labile soil organic m atter (by
the m ethod o f Egorov); the fractional composition of
the hum us (by the m ethod o f Ponomareva and Plotni
kova); the contents of total nitrogen (by the m ethod of
Kjeldahl), available phosphorus (P20 5), and potas
sium (K20 ) (by the m ethod o f Chirikov); the soil reac
tion (pH); and the content o f carbonates ( C 0 2) deter
m ined by routine methods.
The group of geochemical characteristics of the soils
included two coefficients calculated from the data on
the bulk elemental composition of the soil mass (deter
m ined by the m ethod of X-ray Fluorescence Spectros
copy): the coefficient o f eluviation (K. ) and the Shaw
coefficient R. The coefficient o f eluviation was calcu
lated according to the following equation: Ke = S i0 2/
(M nO + CaO + K20 + MgO + N a20 ) [40]. The coef
ficient R suggested by Shaw [44] was somewhat m odi
fied and calculated as the geometric m ean of the prod
ucts of the ratios of the contents o f the trace elements
(M n, Zn, Cu, Ti. Ni, Cr, and V) in the soil to those in
the parent material.
RESULTS A N D D ISC U SSIO N
Stages of agrarian history. In the 6th century BC,
ancient Greeks colonized the coastal zone of the Bug
Estuary. In the second h alf o f this century, the rural
area o f Olbia with its specific land use and settlem ent
systems and transport network was shaped [5]. Though
there are certain chronological gaps in our knowledge
o f the further history of Olbia, it is known that settle
m ents of ancient Greeks existed there up to the middle
o f the 3rd century AD, w hen the first settlem ent
belonging to a different culture (the Chernyakhovsk
settlem ent) appeared in this area [12]. O n a smaller
scale, land cultivation in the rural area of ancient Olbia
continued in the 4th century AD. Thus, the ancient
history of the agricultural land use in the lower reaches
o f the Bug River lasted for nearly a millennium.
In the Archaic period (the 6th—first half o f the
5th century BC), w hen land reserves were consider
able, the colonists applied a shifting cultivation system
[12]: plowing of virgin land—cropland (6—8 years)—
abandoned land (long-term fallow). The duration of
the fallow stage necessary to restore the soil fertility
was empirically determ ined with due respect for the
local conditions. Com m odity crops— barley, wheat,
and m illet— were grown. Later, in the 5th—3rd centu
ries BC, the fallow system of farming was applied:
cropland (3—8 years)—fallow (8—15 years)—cropland
(3—8 years). Then, with a general rise in the land defi
cit, the duration of the fallow stage was reduced from
6—12 to 6—8 and 3—5 years [25]. Crop rotation systems
were applied, which is proved by findings o f the
remains of synchronously grown two—three cereal
crops in the settlements. The land use pattern with sep

arate fields w ithin the same land allotm ent became
m ore complicated.
In the 19th century, the portion o f plowed land in
this region varied from 10% (in the 1820s) to 34% (in
the 1880s); large land areas were used for sheep
breeding [19]. The fallow system o f agriculture
existed up to the 1860s and im plied crop cultivation
on the plots for 3—8 years w ith subsequent fallowing
for 4—5 to 10—15 years. In 1867, a well-known
agronom ist (Sovetov) w rote the following: “land
owners in steppe regions know that reasonable yields
can be gained 4—5 tim es from virgin land, 3—4 times
from long-term (10—15 years) fallow land, and only
once from short-term (<3 years) fallow lan d ” [30,
p. 76]. This situation changed in the 1880s [27]: m ost
of the land plots were subjected to continuous culti
vation or grazing loads; fallow stages were short. The
removal o f nutrients (in particular, N and K20 ) from
the soils of cultivated fields and the enrichm ent of
pastures w ith nutrients (K, Ca, N , and P) from
m anure were the m ajor biogeochem ical effects o f this
system.
W hen a cultivated field was abandoned (fallowed)
for 25—30 years, it was covered again with feather grass
(,Stipa capillata). As noted by Pachoskii, “feather grass
on pastures and hayfields never reaches such luxuriant
development as on the reserved land o f Askania Nova
because o f the excessive exploitation o f these lands”
[26, p. 27]. At the same tim e, feather grass proved to be
tolerant to pastoral degradation.
A short-term period of a considerable decrease in
the area o f plowed fields was related to the social and
political shocks: in 1910, plowland occupied 67% of
the area in the Odessa district, and the area of virgin
steppe lands and pastures was 10.4%; fifteen years
later (in 1925), only 6.3% o f the territory was under
plowland, and the area of pastures and long-term fal
low lands increased by up to 20% (in the Ochakov
area). At present, plowed fields occupy 63% o f the
entire territory.
Local features of the transformation of the land use.
The pattern o f settlem ents of ancient farmers attests to
the long-term history of land cultivation in this area
during the antique time. A group o f settlem ents dating
back to the 6th to 3rd centuries BC was discovered by
archaeologists in this area. A multilayered settlem ent
(Dneprovskoe 2) that existed from the second half o f
the 5th to the beginning o f the 2nd century В С is
known 4.5 km to the southwest of the studied polygon.
In the first centuries AD, a town was founded in the
same place.
The Krestovyi Ravine key polygon of our studies is
a unique area w ithin the entire ancient Olbia state. In
this area, the initial virgin soils are preserved in some
places. It should be noted that the coastal zone was not
subjected to cultivation in the antique tim e. However,
because o f the transgression of the sea and coastal
abrasion, the shoreline has shifted up to 300—400 m in
the inland direction. The orientation o f ancient roads
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parallel to the shoreline indicates that some interra
vine plots cultivated in the antique tim e were aban
doned later and have not been cultivated since then
(plots S4—S6). The reconstruction o f the boundaries
o f the ancient land plots shows that the plots found
between actively growing ravines (plots S5 and S6) had
a shorter duration of cultivation in the antique period
in com parison with other plots (plots S3 and S4) found
in m ore stable geomorphic positions. Thus, w ithin a
relatively small area, soils with different durations of
cultivation in the antique tim e can be found.
The unusual geometric pattern of the thalwegs of
the erosional network is reflected in the nam e of the
polygon (Krestovyi means crosslike): apical parts of
erosional cuts are confined to the ancient boundaries
between separate land plots [33]. These boundaries
were fixed by artificial levees constructed about 2400—
2500 years ago. After their construction, radical
changes in the runoff pattern took place. Thus, the api
cal parts o f the nine m odern ravines have their contin
uation on the adjacent arable fields. On the aerial
archive photos o f this territory, this continuation is seen
in the form o f light-colored strips against the darker
background color. It is probable that these strips corre
spond to the ancient boundaries between land plots.
The average distance between them (Sx) is 114 ± 19 m
(.x ± t05). Less distinct boundaries can be traced inside;
the average distance between them is 37.5 ± 3.8 m. The
m odal length o f the plots is about 280 m. From these
data, we can estimate the area of a single land allotm ent
in the antique period at about 0.32 ha.
The anthropogenic factors that led to the activation
o f linear erosion w ithin the Krestovyi Ravine polygon
were already considered by one of the authors [ 15]. At
the same tim e, a comparison between the potential
washout of the soil (2 t/h a per year) using the m odel
developed by Shvebs (with due account for the
regional factors of erosion) [18] with the real results of
erosional processes (the thickness o f the pedolithosediments accum ulated in the bottom of the accumulative
part of the ravine reaches 2.33 m) shows that the inten
sity o f the erosion in the past 150 years (the period of
active agricultural development o f the territory) has
been insufficient to explain such a considerable accu
m ulation o f eroded sediments. This leads us to a con
clusion about the m uch longer history o f cultivationinduced erosional processes in this area, which could
have begun in the antique period.
The history of the agricultural developm ent o f the
local soils c an be generalized as follows: virgin soil—
arable land o f the antique period (for at least
140 years)— (a) abandoned land (postantique fallow,
2250 years) or (b) postantique fallow (2100 years)—
extensively cultivated land (about 110 years)— in te n 
sively cultivated land (about 40 years). Fallow fields
o f different ages may exist w ithin the area cultivated
in the past 150 years. To study the soils o f agrolan
dscapes w ith such a com plicated history, it is reason
able to relate the soil areas to the areas for w hich the

history o f their natural and anthropogenic develop
m ent has been reconstructed [39]. We have arranged
the studied plots into the following series reflecting
the increase in the agrogenic loads on the soils: S2 >
SI > S6 > S7, S3 > S4 > S5 > S8, S9.
Soil morphology. Key soil profiles w ithin the K re
stovyi Ravine polygon were studied on the plot sub
jected to cultivation in the antique period (P I), on
fallow plots near currently cultivated fields (P2 and
P3), and on the virgin plot (P4). The latter soil profile
was characterized by the following horizonation: AO,
0—5 cm; A, 5—28 cm; B l, 28—47 cm; B2, 47—70 cm.
The upper boundary of effervescence w ith HC1 was at
the depth o f 48 cm. A nother profile o f a virgin soil
was described near the village o f Kozyrka (plot S8) in
pit 54 [13]. This soil (n = 59) had a hum us (A) h o ri
zon 32.7 ± 0.6 cm (x ± t05Sx) in thickness; the thick
ness o f the entire hum us layer (A + B l) reached
48.5 ± 0.6 cm. The profiles of the virgin soils (P4 and
S8) correspond to dark chestnut soil w ith the eluvial—illuvial differentiation o f carbonates. They are
close in their m orphology to the reference soil o f dry
steppes on the northern coast of the Black Sea stud
ied in the Askania Nova Biosphere Reserve. H ow 
ever, the Ochakov district (where our polygon is
found) has a less continental clim ate w ith a higher
supply o f heat (the sum of daily tem peratures >10° С
is 120 degree days higher than that in the Askania
Nova Biosphere Reserve) and m oisture (the annual
precipitation is about 50 m m higher). The local vir
gin soils can be classified as dark chestnut soils of
w arm facies w ith periodic soil freezing.
A com parison o f the m orphology of soil profiles
P I —P3 w ith the m orphology o f profile P4 shows that
the agrogenic load on the soils has led to some
decrease in the thickness o f the hum us (A) horizon,
higher variation o f the total thickness o f the hum us
layer (A + B l horizons), and a deeper boundary of
effervescence w ith HC1.
It was found that the morphology and classification
position o f the chestnut soils were stable during the
Late Holocene stage of their development (within the
last 3500—3000 years) [32]. However, the classification
position of soils in the dry-steppe zone subjected to the
long-term impact o f ancient farming has changed. At
present, these soils are classified as slightly solonetzic
deep dark chestnut soils with deep effervescence [13].
The analysis of a large set of pedochronological data
[17] showed that the thickness of the humus horizons of
the newly formed soils (with an age o f up to 2600 years)
is the same in the zones of southern chernozems and
dark chestnut soils. Hence, it can be supposed that the
climatic conditions of that period have been relatively
close to one another in these zones.
In the full-profile m ature steppe soils, the wellbalanced processes o f hum us accum ulation and its
redistribution in the profile are diagnosed by the
approxim ately equal thicknesses o f the hum us-accum ulative (A) and transitional (B l) horizons so that
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Table 1. Assessment of agrogenic changes in the structural state of the topsoil layer (0—20 cm) of dark chestnut soils in the
area of antique land plots

Land use

Virgin land
Postantique fallow

Fallow of 3—5 years
Cropland in the area
of ancient farming

Sampling
y, g/cm 3
point
S8
S9
S3
S4
S5
S2
S7
SI

1.14
1.20
1.30
1.22
1.30
1.28
1.33
1.02

Portion
Munsell color of coprolites
(dry)
in the AVA,
%
10YR 5/2.5
10YR4/2
10YR 4/2.5
10YR 5/2
10YR 5/3
10YR 5/3
10YR 5/3
10YR 5/3.5

22.7
40.1
33.2
31.2
43.8
6.7
11.9
8.4

Aggregate-size distribution,
% of the mass of air-dried soil
>7 mm

7—0.25 mm

<0.25 mm

9.4
-

75.2
73.6
63.7
60.5
73.2
69.8
52.2
71.7

15.4
26.4
21.4
23.1
12.3
8.5

14.9
16.4
14.5
21.7
18.7
20.7

29.1
7.6

-^-aggr
3.0
2.8
1.8
1.5
2.7
2.3
1.1
2.5

Hereinafter, the numbers of sampling points correspond to those in the figure; у denotes the soil bulk density.

the В 1/A ratio is equal to 1.0 [ 14]. In the m edium and
heavy loamy dark chestnut soils of the region (n = 144),
the В 1/A ratio is 28/28 = 1. In the old-arable soils
(profile P I), this ratio is higher th an 1.0 owing to the
deep hum us profile.
Physicochemical properties of the topsoil (0—20 cm)
in the agrogenic soil sequence. In terms of the Munsell
soil color nam e (Table 1), the darkest color (grayish to
dark grayish brown) is typical of the virgin soils (S8 and
S9) and the soil o f a long-term fallow (S3). The soils of
the fallow plots (S4, S6) are somewhat lighter (grayish
brown). The other soils have a brown color o f the topsoil
horizon. In the field descriptions, the soil color names
were somewhat different [28]; it was noted that the graybrown color o f the A horizon is typical of the dark chest
nut soils in contrast to the gray color o f the southern
chernozems.
The dark chestnut soils developing from the loess
like loam have solonetzic features in their physical
properties: the structure of the topsoil horizons is rela
tively loose, and the illu v ia l horizon is very compact; the
water stability o f the soil aggregates is relatively low.
The agronomically valuable aggregate (AVA) frac
tion is represented by crumbs and granules 1—7 m m in
diameter; smaller aggregates (0.25—1.0 m m ) can be
considered as a reserve for further aggregation.
According to our data, the dark chestnut soil o f the
Askania Nova Biospheric Reserve contains up to 80%
aggregates 0.25—7 m m in diameter in its humus horizon
(A, 9—28 cm). The portion of coprolites in the agro
nomically valuable aggregate fraction (1—7 m m) varies
from 35 to 61%, and the aggregation factor KA„„r is 3.98.
In the virgin soil, the primary mechanical particles are
aggregated into m icro- and macroaggregates up to
5 m m in diameter [21]. The form ation of coarser aggre
gates (>5 m m) is ensured by the action of roots and by
the soil cultivation. According to [15], the underground
phytomass in the layer of 0—20 cm under fescue—

feather grass steppe communities reaches 23.4 t/ha,
which is equivalent to 12 g/dm 3.
According to a scale o f soil degradation [21], n o n 
degraded dark chestnut soils should have an equilib
rium bulk density o f <1.3 g /cm 3, the content o f airdry aggregates of 0.25—10 m m in size o f m ore than
70%, and the portion of w ater-stable aggregates in
the fraction o f >0.25 m m should be no less th an 45%.
As seen from Table 1, virgin soils have the bulk d en 
sity of less th an 1.2 g /cm 3 and contain >73% of dry
aggregates 0.25—7 m m . According to averaged data
[28], the plow layer o f dark-chestnut soils contains
11% air-dry aggregates >0.25 m m. According to [21],
in the m oderately and strongly degraded soils, the
portion o f aggregates o f 0.25—10 m m should be 40—
60 and <40%, respectively. Am ong the studied dark
chestnut soils, a high content o f the silt-size aggre
gates (<0.25 m m ) in the A horizon was only seen in
the virgin soil (S9); in this soil, the contents o f the
silt-size (<0.25 m m ) and fine granular aggregates
(0.5—1.0 m m ) were equal to 25—26%.
As seen from Table 2, the soils of young fallow plots,
the old-arable soil (S2), and the currently cultivated soil
(S7), as well as other cultivated dark chestnut soils in the
region according to averaged data [28], contain no
m ore than 25% o f water-stable aggregates >0.25 mm.
This corresponds to the status of strongly degraded soils.
The soils that were cultivated in the antique period and
are under long-term fallow (S3, S4) at present belong to
the category of slightly degraded soils. In some cases
(S5), the structural properties o f these soils are close to
those in the virgin soils. It is im portant that the inner
structure of the aggregates is somewhat different in the
soils of the cultivated fields and long-term fallow. The
study of thin sections [21] indicates that the water-stable aggregates in the soil of the fallow plot are pene
trated by capillary pores with the walls strengthened by
organic matter; they also contain abundant remains of
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Table 2. Water stability of aggregates from the topsoil (0—20 cm) layer of dark chestnut soils in the area of ancient farming
Sampling
point

Land use
Virgin land

S8
S9
S3
S4
S5
S2
S7

Postantique fallow

Fallow 3—5 years
Cropland in the area
of ancient farming

Amount of aggregates, %; aggregate size, mm
>3

Agrophysical properties

>1

>0.25

<0.25

A

Al

W, %

d, mm

6.8
1.1
7.5
13.1
15.3

23.5
25.0
20.7
24.3
28.2

43.81
46.55
38.82
39.13

56.2
53.5
61.2

52
63

63
74
71
56
75

3.9
4.5

73
55
88
78
94
38
52

9
10

0.94
0.75
0.90
1.14
1.33
0.51
0.57

6.4

59

12

0.76

SI

7.9
9.8

46.19
18.45
19.72

60.9
53.8
81.6
80.3

49
51
53
20
28

14.6

28.62

71.4

31

A is the index of the water stability, A l is the "Vkdyunina—Korchagina criterion of the water stability (A1 = Cw>q 2 5 /0 > o 25 x
where
Cw>q 25 is the content of water-stable aggregates >0.25 mm, and C>0 25 is the total content of aggregates >0.25 mm), W is the water sta
bility of the soil aggregates according to Andrianov, and d is the mean weighted diameter of the water-stable aggregates.

Table 3. Chemical properties of the studied agrogenic soil sequence
Soil
properties
р Н Нго
Ph

kci

Humus, %
Qab, %

co2, %
N tot, %
С :N
Р г ° 5 , mg/kg
K20 2, mg/kg

Virgin land

Postantique fallow

Fallow 3—5 years

S8

S9

S3

S4

S5

S6

S2

S7

7.86

7.70

7.08

7.05

7.10

7.25

6.80

8.10

6.86
3.00
0.043
0.62
0.144
12.06
76
260

7.05
3.57
0.066
0.65
0.165
12.53
395
235

6.10
2.61
0.096
0.53
0.140

6.03
2.25
0.081
0.44
0.126
10.34
66
150

6.17
2.35
0.082
0.62

6.22
1.86
0.042
0.53
0.098

5.63

10.79
115
130

0.119
11.43
83
137

the root system typical of the late stages of the succes
sion on fallowed plots. The portion of coprolites in the
old-arable soils is approximately the same as that in the
virgin soils. The water stability o f the coprolites from the
virgin soils is up to 89—95%; in the soils of the long-term
fallow plots, it is somewhat lower (86—94%); and. in the
soils of the cultivated fields, it is m uch lower (33—49%).
The data on the water stability of the soil aggregates
(Table 2) indicate that this characteristic is favored by
the soil fallowing. This is seen both for the old-arable
soils and the soils of long-term fallows. By analogy with
the annual cyclic changes in some soil processes (dry
ing-m oistening, freezing—thawing), which result in the
“selection” of thermodynamically stable results of the
soil functioning, multiple transitions from the fallow
state o f the soils to their cultivation (and back) lead to
some stabilization of the soil fertility level. Soil fallow
ing is an efficient measure to restore soil fertility in the
dry steppe zone. This was realized in the ancient time

10.99
112
75

7.18
2.04
1.29
0.045
0.058
0.47
0.62
0.081
0.098
9.22
12.05
102
300
112
1300

Cropland in the area
of ancient farming
SI
7.15
6.08
1.63
0.069
0.41
0.084
11.24
98
174

and during the recent stage of the agricultural develop
m ent of this area in the 18th—19th centuries. A soil cul
tivation system that included long-term soil fallowing
was actively applied.
We analyzed data on the soils o f this region obtained
by Nabokikh in 1914 [20]. According to them, the
humus content in the cultivated loamy and clayey
southern chernozems reached 4.21 ± 0.16% (3.24—
5.60%) (n = 48). At present, the humus content in the
old-arable soils averages 2.24%. The loss of organic
m atter from the soils of the m odern plowland is esti
mated at about 50% in comparison with the virgin soils.
In the soils subjected to long-term fallowing with some
replenishment of the humus reserves, it is equal to 31%
(Table 3). At the same time, the presence o f a consider
able pool of plant detritus in the virgin soils makes the
humification processes in them somewhat different
from those in the cultivated soils. U nder the impact of
the long-term soil cultivation, soil dehumification is
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Table 4. Fractional composition of humus in the studied agrogenic soil sequence
Land use
Virgin land
Postantique fallow

Fallow 3—5 years
Cropland in the area
of ancient farming

Sampling
points
S8
S9
S3
S4
S5
S6
S2
S7
SI

1.74
2.07
1.51
1.30
1.36
1.08
0.75
1.18
0.94

С fa

Cha

c
1

2

3

la

1

2

3

0.90
0.45
1.03
1.20
0.81

13.77
15.68
17.21
12.67
14.00
20.05
14.10
15.93
14.36

9.47
9.86
9.04
8.71
10.21
9.46
12.40
9.41
13.50

2.13
2.02
2.07
1.42
3.23
2.04
3.10
1.18
1.10

0.24
0.05
1.26
1.56
0.26
0.92
0.93
0.93
3.07

1.96

4.20
4.82
6.36
6.40
7.32
6.13
6.82
4.90
5.03

0.59
0.47
0.93
0.61

1.69
2.88
6.53
5.61
2.63
7.29
3.48
0.37

Cha/Cfa

NR

2.83
3.03
2.17
1.42
1.52
2.57

67.33
65.43
60.15
61.51
58.56
58.18

1.49
2.50
2.97

54.89
63.24
61.96

NR is the content of nonhydrolyzable residue.

also accompanied by a considerable loss of nitrogen.
N ote that the loss of total N from the old-arable soils is
even higher than the loss o f humus (Table 4). The por
tion of labile С reaches 6.0—7.3% of Corg in the old-arable soils, lowers to 5.6% in the soils o f the postantique
fallow, to 4.9% in the currently plowed soils, and has its
minimum (2.5—3.2%) in the virgin soils.
With an increase in the intensity of the agrogenic
impacts on soils, the portion o f nonhydrolyzable resi
due in the composition o f the humus becomes lower.
This may attest to the less strong fixation o f humic sub
stances by the clay fraction in the long-cultivated soils.
At the same time, as the nonhydrolyzable residue also
includes plant detritus (with a high degree of decompo
sition), the rapid mineralization of the latter in the
plowed soils may also contribute to a decrease in the
content of nonhydrolyzable residue of the soil organic
matter. The agrogenic transformation of dark chestnut
soils is also accompanied by some increase in the rela
tive content of fulvic acids as compared with humic
acids. Though the first fractions of fulvic and humic
acids (FA1 and HA1) are considered to be correlated,
the content of FA1 shows a better correlation with the
degree of agrogenic loads on the soils in comparison
with the contents of HA1 and the sum of these fractions.
If we suppose that fulvic acids represent the products of
destruction o f humic acids, the youngest fraction of ful
vic acids (FA1) can be an informative indicator o f the
agrogenic loads on the dark chestnut soils.
The m ost considerable differences between the
pH values of the water and salt suspensions (рН Нг0
and p H KC1) are observed in the cultivated soils. The
total alkalinity is higher in the virgin soils. It lowers
down in the arable soils and in the soils of long-term
fallows, which makes it possible to assume that this is
caused by a com m on reason, i.e., by the agrogenic
changes in the soil regimes with a decrease in the con
centration of the hydrolytically alkaline salts. This is in

agreement with the tendency for a decrease in the con
tent o f carbonates in the soils subjected to agrogenic
loads. Thus, the C a C 0 3 contents in the A horizon of
the soils of the long-term fallow plots and currently
plowed plots are 79 and 83% of the C a C 0 3 content in
the A horizon of the virgin soils; respectively. This is
explained by the fact that a periodically percolative
type o f soil water regime is established on plowed fields
in contrast to the nonpercolative type typical of the
virgin soils in the dry steppe zone [13].
It is known that solonetzic dark chestnut soils are
characterized by a narrower ratio of exchangeable Ca2+
and Mg2+ (2—4 : 1) in comparison with southern cher
nozems . Our studies in the area of ancient Olbia showed
that this ratio in the A horizon is 4.55 ± 0.95 (x ± t05Sx;
n = l2).
Geochemical features of the series of agrogenic
soils. The bulk elem ental com position o f the soils
found near settlem ents and in the zones of various
economic activities allows us to judge the character of
the anthropochem ical processes [1]. In the studied
soils, independently from their agrarian history, the
accum ulation of As and M n in the topsoil horizons
takes place (Table 5). In the dark chestnut soils, the
mobility o f As is decreased, and its relative accum ula
tion in the topsoil is explained by the evaporative con
centration. A high level of As accum ulation in the topsoil in comparison w ith its relatively low content in the
parent m aterial is observed. Its average content in the
topsoil reaches 7.5 mg/kg. In the soil o f plot S7, the
concentration o f As approaches the lower lim it of the
m axim um permissible concentration (10 m g/kg). As
shown in [41], the behavior o f As in the soils has m uch
in com m on with the behavior o f phosphates. In the
soils subjected to the agrogenic transform ation, the
concentration o f As is correlated with the concentra
tion o f P20 5. The concentration o f phosphates in the
topsoil is related to the biological accum ulation and to

Table 5. Bulk elemental composition of soils in the studied agrogenic soil sequence
Virgin land
Chemical
elements
and geochemical
indices

Postantique lallow

Measure
ment unit

Kozyrka

Lallow ol 3—5 years

Krestovyi Ravine

Cropland
in the area
of ancient
farming

S8

Pr8

S9

Pr9

S3

S4

S5

S6

S2

S7

SI

%

67.29

61.87

72.17

50.54

71.77

74.08

69.55

71.49

72.30

73.81

73.65

a i 2o 3

"

10.39

10.44

8.67

7.41

8.62

9.43

8.05

8.20

9.49

8.96

9.96

Fe20 3

"

4.13

3.48

2.91

1.90

2.98

2.98

2.81

2.81

3.05

2.75

3.01

CaO

"

1.24

6.93

1.17

16.78

0.92

0.87

0.90

0.89

0.80

0.93

0.81

MgO

"

1.07

2.18

0.82

3.59

0.81

0.54

0.82

0.73

0.73

0.75

0.78

N a20

"

1.47

2.17

1.41

1.74

1.46

1.11

1.26

1.02

1.46

1.57

1.31

k 2o

"

2.25

1.80

2.28

1.46

2.05

2.16

1.93

1.95

2.07

2.38

2.13

T io 2

"

0.73

0.69

0.64

0.52

0.68

0.68

0.64

0.69

0.65

0.63

0.67

p2o 5

"

0.13

0.13

0.17

0.15

0.13

0.12

0.12

0.11

0.11

0.15

0.11

MnO

mg/kg

813

657

672

303

674

694

562

653

646

618

613

V

"

85.93

75.46

63.98

55.71

68.55

75.18

66.93

68.14

65.79

55.33

72.61

Cr

"

80.50

75.53

68.52

54.86

71.07

74.55

64.08

67.84

68.35

55.25

70.70

Zn

"

66.43

57.50

45.18

29.73

46.51

38.30

40.90

41.05

43.88

47.30

44.71

Ni

"

42.30

37.71

24.59

27.93

25.15

29.06

26.88

24.70

28.49

23.99

28.63

Cu

"

39.43

28.41

20.84

33.11

16.39

31.26

18.21

16.96

18.68

12.93

20.95

Pb

"

16.34

18.85

17.55

15.16

14.27

28.92

9.12

15.60

19.31

8.64

15.55

As

"

9.57

7.10

5.18

1.89

6.99

4.97

7.93

6.14

8.05

10.30

8.58

Dimensionless

3.72

3.61

5.05

4.47

5.00

4.86

5.18

5.26

4.69

5.14

4.64

Kg

"

11.15

4.73

12.71

2.14

13.70

15.83

14.18

15.54

14.28

13.10

14.62

R

»

1.16

1.00

1.19

1.00

1.18

1.32

1.13

1.15

1.19

1.04

1.23

S i0 2 : R20 3

S(No)—soil sampling point and its number, Pr(No)—sampling point of parent material and its number, Ke—coefficent of eluviation, and R—coefficient of accumulation of trace
elements.
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the added fertilizers, including superphosphate. The
ing dependence (rs <0) on the duration of the agro
m axim um contents of the total and available phospho genic impacts on the soils. The degree o f agrogenic
rus were found in the soil of the arable field (S7) and in
influence on the soils is seen in the activation o f the
the adjacent virgin soil (S9). It is probable that the
processes of eluviation, decalcification, and dehum ifi
accum ulation o f phosphorus in the latter soil was due
cation w ith an increase in the relative content o f fulvic
to the additional input of phosphorus compounds
acids (especially, their first fraction FA1). For the
from the adjacent cultivated field w ith the surface ru n  remaining eleven soil characteristics (the sum o f the
off. The phosphorus content in the other virgin soil agronomically valuable aggregate fractions of 0 . 25 —
(S8) is considerably lower. The content o f M nO in the 7.0 m m; the aggregation coefficient К.л„„г\ the portion
upper horizon (0—20 cm) o f the dry steppe soils is 27 % of coprolites in the agronomically valuable aggregates;
higher than that in the soils of the Black Sea in general the water stability o f the soil aggregates A and W\ the
(550 mg/kg, [23]). In the agrogenic soils studied by us,
pH of the salt suspension (pH KC1); the С : N ratio; and
the M nO content varies from 600 to 800 mg/kg. The
the contents o f C 0 2, hum us, nonhydrolyzable residue,
anthropogenic influence on the soils is also diagnosed
and N ), a general tendency for their decrease w ith an
by some decrease (by 8.5%) in the total content o f ele increase in the duration and intensity of the agrogenic
m ents actively consum ed by plants (P, Ca, K, Mg, M n,
impacts on the soils is observed. Then, we analyzed the
and Cu) in the soils with a long history o f their agricul m utually correlated indicators of the agrogenesis as
tural development in comparison with the virgin soils. judged from the num ber o f their values fitting the
The values o f the R coefficient calculated for 13 ele requirem ent rs > 0 . 6 . For the water stability o f the
m ents shows that the topsoil (0—20 cm) horizon of the
agronomically valuable aggregates, values o f rs > 0.6
old-arable soil is not depleted of these elements in
were observed in 9 cases; for the С : N ratio, hum us
general, though the ratios between them in the virgin
content, N content, and the content o f FA1, in
soil and in the old-arable soils are different. The virgin
8 cases; for the C 0 2 content and coefficient o f eluvia
(reference) soil is richer in the bulk P (by 1.55 times),
tion
K e, in 7 cases; for the p H KC1, in 5 cases; for the
Ca (by 1.44 times), and Co (by 1.24 times) and is
impoverished in As, V, and Ni. The latter three ele water stability o f the soil aggregates W, the content o f
m ents are considered to be elements o f m oderate tox nonhydrolyzable residue, and the portion o f coprolites
in the agronomically valuable aggregates, in 4 cases;
icity (V > N i > As) [6], and their concentrations in the
and for the total content o f agronomically valuable
old-arable soil are 1.14—1.16 (for V and N i) and
aggregates ( 0 . 25—7 m m) and the aggregation coeffi
1.66 times (As) higher than those in the virgin soil.
cient
К.л„„п in 3 cases.
Agrogenic transformation of dry steppe soils. To
judge the agrogenic transform ation o f soils under the
The available data on the im pact o f m odern farm 
im pact o f long-term farming practices, it is im portant ing on the physicochemical degradation o f cherto take into account some objective indicators of the
nozemic soils (as com pared w ith the virgin soils) were
irreversible soil changes. As indicated in [36], the most generally confirmed for the dark chestnut soils of the
exhausting explanation for the evolutionary changes
dry steppe zone. The soils o f m odern plowed fields dif
should be based on the analysis o f the processes driving fer from the virgin soil in the lower contents of hum us
these changes. Thus, we can analyze the tem poral and nitrogen; the lower portion o f coprolites in the
stages of the development o f some object and interpret agronomically valuable aggregates; the lower values of
them in terms o f the characteristic processes. This .Kaggr, A, and W\ and the higher content o f FA1. These
m ethod can be referred to as the m ethod o f processdifferences are statistically significant at the 5% signif
oriented reconstruction [22].
icance level.
We used the data on 30 different soil characteristics
In order to reveal reliable differences between the
(Tables 1—5) and arranged them in decreasing order.1
studied soils according to the specified indicators of
The studied soils were arranged in a sequence reflect
the agrogenic transform ation, we used the results of
ing the duration and intensity of the agrogenic im pact
the variance analysis. In particular, the least significant
on them . Thus, we could com pare the ranked variables
difference LSD05 was calculated. This criterion was
(soil properties and agrogenic im pact on the soils)
used to judge the sensitivity of different indicators to
[39]. Spearm an’s rank correlation coefficient rs equal
the duration o f agrogenic impacts on the soils.
to 0.6 was taken as a criterion to judge the correlation
In general, the integral effect o f the agrogenic
between the two sets. This coefficient marks a transi
tion from the m oderately to strongly correlated vari transform ation of the topsoil horizon during the past
150 years o f continuous cultivation loads is seen in the
ables. This m ethod allowed us to identify 13 soil prop
decreased the water stability of the soil aggregates.
erties as the m oist informative indicators o f agrogene
sis. Among these properties, only the coefficient of This is caused by a num ber o f factors, including the
eluviation Ke and the content o f the first fraction of loss of organic matter, the change in the quality o f the
fulvic acids (FA1) displayed a m onotonously decreas hum us (with some rise in the content o f N and a con
siderable rise in the relative content o f the first fraction
1 In some cases, the soil characteristics had similar values.
of fulvic acids), and the lower im pact o f plant roots
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and soil fauna on the form ation of the soil structure in
the cultivated soils.
During the very long period o f “fallowing” of the
soils cultivated in the antique period (from the 4th to
the 20th centuries A D ), the physicochemical proper
ties of the form er plow layer (postagrogenic horizon)
were virtually restored to the level typical o f the zonal
virgin soils, except for the hum us content and the con
tent of FA1. The portion of coprolites in the agronom ically valuable aggregates of these soils is also som e
w hat lower (by 7—9%) than that in the virgin soils. The
generalized data indicate that the total content of
organic m atter in the soils of long-term fallow plots
(2.82 ± 0.57%) is also lower than that in the virgin soils
(3.28 ± 0.66%) (the difference reaches 14%). During
sixteen centuries of the soil fallowing, the accum ula
tion of hum us in the postagrogenic soils has been con
trolled by several factors, including the phytocenotic
factor (the phytomass structure in the virgin steppe
cenoses differs from that in the cenoses o f the posta
grogenic succession), the soil factor (i.e., the specific
ity o f the organic m atter transform ation in the posta
grogenic soils), and the evolutionary climatic factor
(the specificity of the climatic conditions in that
period). According to paleogeographic data, there
were at least four xerom orphic phases lasting for 100—
300 years during that period, including the so-called
“medieval m inim um o f pedogenesis” w ith its extreme
point about 950 years ago [9].
As indicated above, the hum us content in the soils
o f the long-term postantique fallows has reached 86%
o f the hum us content in the virgin soils. It can be sup
posed that the dynamics o f the hum us accum ulation
in the initially humified substrate o f the plowed soils of
the antique period during this chronointerval differ
from the dynamics o f the hum us accum ulation (soil
ontogenesis) in the full-H olocene virgin soils. This
hypothesis requires additional testing.
The specificity of the old-arable soils (the soils cul
tivated in the antique period and in the past 150 years)
in comparison w ith the soils cultivated in the past
150 years is clearly m anifested in the values o f only two
soil characteristics: the coefficient o f aggregation Кл„„г
and the content of the first fraction of fulvic acids FA1.
The coefficient of aggregation in the old-arable soils is
higher owing to a lower content o f the aggregate frac
tion <0.25 m m, and the content of FA1 in them
exceeds that in the recently cultivated soils by m ore
than three times. Thus, the content o f the first fraction
o f fulvic acids can be considered the m ost reliable and
universal indicator of the changes in the soils of the dry
steppe zone under the im pact of agrogenic loads dif
fering in their duration.
The following scenario of the agrogenic transfor
m ation of dark chestnut soils in the rural area of the
antique polis during the past millennia can be sug
gested. Initially (beginning from the 6th century BC),
ancient farmers practiced shifting cultivation and let
the arable soils rest for no less than 8—10 years to

restore their fertility (the organic m atter content, the
soil structure, and the soil water and air regimes). After
the land plots were fixed in space and the land use p at
tern was stabilized, the degree o f agrogenic loads on
the soils increased to produce com m odity crops.
Active agrogenic turbation disturbs the equilibrium
state o f the soil system; its further regime has an oscil
latory character. U nder these conditions, even small
periodic impacts on the soil system can lead to greater
amplitudes of oscillations. This phenom enon is simi
lar to resonance [25]. It may result in the destruction
of a misbalanced system.
The duration of this period of ancient farming
within the established system o f land plots is com para
ble with the duration o f the recent stage o f agrarian
history. Together w ith the initial stage of shifting culti
vation, the duration of ancient farming exceeds the
duration o f the recent stage by two times. The pro
cesses o f soil degradation under the im pact of farming
loads in the ancient period were similar to those
observed at present: the loss o f nutrients w ith harvested
crops, enhanced m ineralization o f the hum us upon
soil tillage, disaggregation o f the soil mass, lower activ
ity o f soil mesofauna, wind erosion, etc.
During the postagrogenic functioning o f the biogeocenoses, positive feedback relationships ensured
the adaptation of the system to the new conditions.
W ith tim e, the rate of changes in the soil properties
decreases until the new equilibrium state is reached.
The tim e required to reach the new equilibrium may
differ for different processes [8].
The soils cultivated in the antique period and in the
past 150 years do not differ m uch from the soils culti
vated only in the past 150 years. However, the form er
soils are characterized by somewhat higher values of
the aggregation coefficient (in the topsoil horizon)
and in the contents o f the first fraction o f fulvic acids
and the third fraction of hum ic acids (humic acids
bound w ith the clay fraction and stable sesquioxides).
As shown earlier [13], the soils cultivated in the
antique period are characterized by higher rates of
hum us form ation and deeper boundaries o f efferves
cence and salt accum ulations.
In the study of geosystems, it is im portant to know
not only their genesis and age but also their functional
relationships. The tim e of functioning under different
conditions should be known [4]. For the studied soils
w ith several stages o f their agrogenic evolution, the
history of the soil functioning was very complicated.
The tim e required for the soil processes initiated by
changes in the soil state to reach the new quasi-equi
librium state is known as the characteristic response
time. It is different for different processes. For the
entire bio—abiotic soil system, the processes with great
characteristic response times can be considered the
“products” of the processes w ith shorter characteristic
response times [3]. In the system o f indicators o f the
agrogenic transform ation o f the physicochemical
properties o f the dry steppe soils, several hierarchical
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levels can be distinguished. In the upper part o f the
hum us-accum ulative horizons, agrogenic loads on the
soil lead to changes in the soil properties controlled by
the processes with short (<10 years) and m edium (10—
50 years) characteristic times [11]. In our study, these
processes are diagnosed by changes in the following
indicators: the sum o f agronomically valuable aggre
gates ( 0 . 25 — 7.0 m m); the coefficient o f aggregation
К яеег', the portion o f coprolites in the agronomically
valuable aggregates; the water stability of the soil
aggregates (A and IV); the p H KC1; the С : N ratio; the
coefficient o f eluviation Ke; and the contents o f the
C 0 2 o f carbonates, hum us, fulvic acids o f the first
fraction (FA1), nonhydrolyzable residue, and nitro
gen. Slow processes [11] are m anifested in the entire
profile o f old-arable soils; they can be diagnosed by
transform ation o f the profiles of soil hum us and car
bonates, the development o f eluviation, the loss of
solonetzic features in the physical stage of the soils, the
enhancem ent o f soil weathering, and the form ation of
com pound macroaggregates against the background of
the high microaggregation o f the soil mass [13]. These
processes ensure the irreversibility o f the soil evolution
w ith preservation of the stable stratified solid-phase
carcass of the soil body [ 11 ].

water suspension, the contents o f available P and K,
the Cha/ C fa ratio, the portion o f labile hum us, and the
contents o f different fractions of humus (except for the
first fraction o f fulvic acids in response to different
durations and intensities o f agrogenic loads) are statis
tically unreliable. This attests either to the low sensitiv
ity of these soil properties to the agrogenic loads or to
the possibility o f reversible changes in them with a
characteristic tim e shorter than that o f the stable indi
cators o f the agrogenically induced soil transformation.
(.3) The agrotechnologies applied by ancient farm 
ers were aim ed at the restoration o f the soil fertility; in
essence, they were based on the principles o f m anage
m ent of self-organizing systems [8]. The purposeful
periodic initiation of the natural processes o f repro
duction o f the soil fertility (during the stage of land fal
lowing) can be considered a measure realizing small
resonance impacts on the soil system w ith their proper
distribution in tim e to ensure self-organization pro
cesses. In the case o f the large-scale development o f
soil degradation phenom ena in the m odern agrolan
dscapes, it may be reasonable to the adapt ancient
farming technologies to the m odern epoch. As argued
in [31], the synthesis o f the advantages o f traditional
farming technologies with m odern technologies o f
intensive agriculture seems to be promising.

CO N C LU SIO N S
(1) The degree o f agrogenic loads on the dark
chestnut soils in the rural area o f the ancient polis
(6th century BC—4th century AD) is diagnosed by
thirteen indicative soil properties (for the layer of 0—
20 cm), including the physical properties (the coeffi
cient o f aggregation, the content o f agronomically
valuable ( 0 . 25—7 m m ) aggregate fractions and the po r
tion of coprolites in them , and the water stability of the
aggregate fractions o f 0 . 25 — 7.0 m m and 0 . 5 — 5.0 m m)
and the chem ical properties (the coefficient o f eluvia
tion; the contents of organic matter, nitrogen, and car
bonates; the portions o f nonhydrolyzable residue and
the first fraction o f fulvic acids in the com position of
humus; the С : N ratio; and the soil pH ). In the studied
series of agrogenic changes from the virgin soils to the
soils cultivated in the antique period and in the recent
past and the soils w ith different durations of the fallow
stage, some of these indicative soil properties proved to
be m utually correlated. The best correlation was
observed between the water stability o f the agronom i
cally valuable aggregate fractions; the С : N ratio; the
coefficient o f eluviation; and the contents o f carbon
ates, organic matter, nitrogen, and fulvic acids of the
first fraction.
(2) The applied m ethod o f the factor series of agro
genic changes in the soils showed that the changes in
the m ean weighted diam eter o f the water-stable aggre
gates, the Vadyunina—Korchagina criterion o f the
water stability o f the soil aggregates, the coefficient of
accum ulation of trace elements (M n, Zn, Cu, Ti, Ni,
Cr, and V), the S i0 2 : R20 3 ratio, the pH of the soil
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