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Abstract: Engineering and geographic substantiation of the anti-erosion organization of agricultural
landscapes requires not only differentiated estimations of erosion losses, but also commensurate (in
terms of space-time scales) estimations of the soil loss tolerance. The main approaches for determining
the participation of estimations of soil formation in the substantiation of erosion tolerance have been
defined. This study is aimed atjustifying the methods of incorporating the results of pedogenesis
modeling into computational methods for organizing agricultural landscapes. This paper presents the
results of a study of the process of formation of the humus horizon and the accumulation of organic
carbon in soils, based on soils from archaeological sites in the Crimean Peninsula over a period from
25 to 2000 years ago, with differences in climate and parent rock, in a region with a thousand-year
history of human activity. The patterns of variation in the thickness of the humus horizons over time
and the accumulation of carbon were determined, and estimates for the rate of the pedogenesis were
obtained. In connection with the slowing of the rate of pedogenesis over time, the chronofunction
of the change in the thickness of soils (of both exponential and logistic types) may be applied and,
on this basis, it is possible to calculate the rates of the formation of the humus horizon depending
on the morphological status of the soils. During re-naturation of highly degraded soils, maximum
renewal rates may take place only with a very high input of organic matter, which is crucial to take
into account in the development and implementation of programs for the rehabilitation of degraded
lands. Under the conditions of slope agriculture, the rationale for T-values should be linked to many
factors of the input and consumption of organic carbon, which provides a logical mathematical model
of the formation of soil quality. For soil quality management on agricultural lands, a formula for
calculating T-values, using an equation where the rate of pedogenesis is associated with a variety of
changes in soil organic carbon, is proposed in this article.

Keywords: soil renewal rates; chronofunction; erosion tolerance level, management on agricultural
lands; Crimean Peninsula

1. Introduction

According to modern requirements for resource-saving land use, the land is considered not only
as a means of production, but also as a significant part of the global pedosphere which fulfils the most
important biospheric and ecological functions. The standardization of soil erosion to the permissible
limits of reduction of the top layer is closely related to the estimations of soil renewal rates, which
differ significantly in individual soil-climatic regions. Soil loss tolerance (also known by "tolerance
(tolerable) level", "T-value concept (tolerable soil loss)", or "erosion tolerance"), indicated by the
T-value, is the most important parameter for monitoring the protection of soil in Europe and North
America. However, a matter of decisive importance for planning and monitoring soil-protective and
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soil-restoring measures is the development of fundamental ideas about soil formation rates (first of all,
for such important components of pedogenesis as the rates of formation of the humus horizon and
organic carbon (Corg) accumulation) and the time-dependent patterns of these processes.

To define the T-value, three different approaches have evolved: economic and agronomic,
soil-genetic, and ecological [1]. The first and second approaches are aimed at the preservation of the
soil as a production resource and of its ecological functions, while the third one aims for, among other
things, a reduction of environmental pollution.

From the point of view of using estimations of the rate of soil formation in the justification of
T-values, the following classification of the available approaches may be proposed (Table 1), in which
the following concepts are used: predicted rate of soil loss (W) and the rate of soil formation (V).

1. T = V. Identification of T-values with the rate of natural and/or anthropogenic soil formation,
or as a direct function of these values; for instance, T=V - W. In the conditions of a high soil-protective
efficiency of plant cover, the T-values are made equal to the rate of normal (geological) erosion.

2. T = Wtol. The rationale for such avalue of sedimentyield is that it does not lead to a significant
reduction in crop yields (Wtol is tolerance soil loss).

3. Approaches in which estimates of the rate of soil formation are included in the calculation
methods for determining the T-values. In addition, the T-values may be conditioned by parameters,
such as the predicted rate of soil loss, soil thickness, and humus reserves.

Table 1. The main approaches in determining the soil loss tolerance.

Approaches and Methods for

L. Formulas Author
Determining T-values

1. Identification of T-values with the rate of natural and/or anthropogenic soil formation, or as a direct function
of these values.
The tolerable value of soil

wash-out is equal to the estimate YV = H,
in the process of natural soil where VS is the maximum permissible value
formation of the average annual of soil erosion (mm year-1) and tis the Dolgilevich [2]
increase in humus horizons, number of years required to form a humus
expressed in fractions of a layer with a thickness of H mm

centimetre (or millimetre) per year.
2. Value of sediment yield, which does not lead to a significant reduction in crop yields.

S -1 ()
The formula for the most where D is the intensity of s0il erosion losses
"acceptable” values of the decrease  (tha-1 year-1) and Ps is the soil thickness (m) Kirkby [3]
in the thickness of the soil. which is formed due to the processes of

weathering and soil formation.
3. Approaches in which the estimates of the rate of soil formation are included in the calculation methods for
determining the T-values.
TI+T2  T2-T1 AN(Z-21)

T(X,y,0 — =55 7271
where Tj is the soil renewal rate (mm year-1);
The equation for defining the T2 is the upper limit of allowable soil loss rate
tolerable soil degradation at the (mm year-1); Z is the present soil depth (m); Skidmore [4]
point (x, y) at initial time (t). Z2is the minimum allowable soil depth; Z2 is

the optimum soil depth; and n = 3.14 when
calculating in radians (or from 0 to 180° for
values in degrees).
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Table 1. Cont.

Approaches and Methods for

L Formulas Author
Determining T-values

10-T-values-y-C0-10(1 + 0.01H) -
H(ACar - AChn-ACg) - CV « 0,
where H is the thickness of the humus

horizon (mm); Cis the reserve of humus (Cag)

in it (t ha-1); V is the rate of soil formation
(mm year-1); T-values is the soil loss tolerance
(mm year-1); ACar is the input component of
Erosion tolerance level. the process of humus formation due to plant
residues and fertilizers (t ha-1); ACrm is the

mineralization of humus, which depends on
the structure of crop rotation and yield level (t

ha-1); ACg is the mineralization of passive
humus (tha-1); CO- w is the humus reserve in

the washable layer (%); and y is the bulk
density in the washable soil layer (t m-3).
b= WGP )y,

where Lf is the soil lifespan (years); Dg is the
depth of available productive soil (cm); Do is
Calculation of the indicator for the  the minimum soil depth for a particular crop Elwell and Stocking [7]

lifespan of a soil. (cm); y is the bulk mass of the soil (t m-3); Zf (with modifications)

is the estimated rate of soil formation (t ha-1
year-1); and Z is the predicted rate of soil loss

(tha-1 year-1'
T GG

where Hin is the initial (actual) thickness of
the humus horizon (mm); Hwis the weighted

Indicator of the potential duration ~ average value of the optimum thickness of

Shvebs [5];
Lisetskii et al. [6]

of the expenditure of soil with a the humus horizon, taking into account the ) -
constant average annual soil loss composition of crops in the crop rotation Lisetskii et al. [8]
rate. (mm); y is the bulk density of the soil (t m-3);

and VE and Vf are the average perennial (or
justified in the proportional availability) rates

of erosion and soil formation, respectively (t
ha-1).

In Western Europe and North America, when analyzing approaches to modeling water erosion
processes, either two- [9] or three-level [10] classification is used. Within the specified classes and
sub-classes of the models, a further classification is possible [6], which details the models on other
grounds; in particular, by classifying them as: (a) 0-dimensional (lumped), 1-dimensional (1D),
or 2-dimensional (2D); and (b) implemented on a plot scale, slope scale, catchment scale, or a large
territory (regional scale). Regretfully, acommensurate level of detailing the T-values is not yet available;
however, the need to develop multi-level T-values is obvious. An approach for scaling the T levels
has only recently been outlined, however. In general, we may speak about the two main levels of
T-values: (1) T1l: such a value solves the ecological-biospheric level of the problem, and the value of
T1is objectively determined by the soil renewal rates; and (2) T2: The value on the slope and catchment
scales varies over awide range and should be differentiated in as much detail as the calculated sediment
yield value.

The soils formed in extra-glacial regions have a long history of development (over approximately
the last 11,500 years) [11]. The "unfolding" of the pedogenesis history using the geoarchaeological
approach has great informational potential; in particular, by analysis of the chronosequences and
chronofunctions of soils, according to data that may be obtained both from daylight soils (soils that



Geosciences 2019, 9, 266 4 of 19

have formed between the beginning of the death of the monument and the present) and from buried
soils at different archaeological sites.

After the initial studies on the rate of soil formation, which were based primarily on the history
and an accumulation of the results of determining the specific activity of 14C in certain fractions
of the soil humus, a new stage in the development of soil formation research took shape. A rapid
growth of data, due to active use of the soil-archaeological method of dating and study of the
evolution of soils, took place, from the 1970s to present [12- 14]. Moreover, unlike the first three
decades, from 2000 to present [15- 17], there has been an accelerated growth in the number of scientific
publications. These papers used new geoarchaeological methods in the research of soils and sediments
at archaeological sites [18- 25].

It should be noted that, in the advanced geoarchaeology literature, much attention has been
paid to the study of buried soils (see the review by Mitusov et al. [26]); while the daylight soils of
archaeological sites have not been studied in depth. However, about 40 years ago, Gladfelter [27]
stressed the prospects for geoarchaeological elaboration of approaches for differentiating cultural and
natural features, including post-occupational disturbances by biological and pedological processes.

The use of soil-archaeological methods has significant advantages, in terms of the accuracy of the
estimates and reliability of interpretation, if we study the chronosequences of the daylight and buried
soils, instead of individual different-time soils. There is a need for high-quality profile datasets (e.g.,
chronosequences, climosequences, and toposequences). This type of dataset would surely provide a
good test for soil evolution models [28].

As, initially, chronosequences and chronofunctions were presented only at a qualitative level
(in the form of graphs and diagrams that reflected the nature of change in soil properties over time),
later attempts were made to establish quantitative dependencies of the change in the morphology
and properties of the soil on their age, using pedochronological data [29,30]. Lisetskii et al. [31]
substantiated the feasibility of describing the zonal soil development process over time, using a family
of S-shaped curves; in particular, using the Gompertz function. The formation of the humus horizon
should be described by a model that reflects a gradual increase in soil renewal rates (proportional to
the amount of organic matter); then, after reaching some maximum, the model should reflect a gradual
deceleration of the soil formation rate, corresponding to the established equilibrium of the organic
matter in the zone of the maximum concentration of soil biota in the substrate [31]. The Gompertz
function adequately reflects these features. The graph of this function has an asymmetric form, due to
the stretching of the upper branch, and so this function approximates well the trends of the soil
formation profile, which is characterized by a slow increase in the humus horizon of mature soils.

The aim of this study is to substantiate the ways of integrating pedochronological data and
estimates of the rate of soil formation into computational methods for arranging agricultural landscapes.

2. Material and Methods

The soil cover of the Crimean Peninsula (Figure 1) is represented by various types and sub-types
(more than 50 species) of soil, the predominant types being Calcic Chernozem and Petrocalcic
Chernozem [32]. The south coast of Crimea (SCC) exhibits a remarkable variety of soil types on various
substrates; mainly Sub-Mediterranean cinnamonic soils and red types [33]. Calcaric Cambisols (IUSS
Working Group WRB 2014) or, according to the nomenclature of Crimean soils, the cinnamonic forest
soils, occur on the southern slope of the Main Ridge and in the foothills west and east of it.

These specific features determined the choice of four areas for our pedoarchaeological field studies
(Figure 1).
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Figure 1. Archaeological sites (from which the studied soils are; found) within the research polygons,
in the territory of the Crimean Peninsula within the boundaries of the natural areas. | denotes the
Crimean Plainland (West, East) and Foothills (South), and Il denotes the; South Coast of Crimea (SCC).

The soils studied were sourced from archaeological sites located on the Crimean pbins (polygon I)
and on ehe south coast of Crimea (polygon I1). The field studies of the soils were conducted in
2012-2016 for determining the morphological structure and the soil properties, which were dated,
based on historical and archaeologicaldata, for tire; subsequent fosmation of chronosequences and
chranoftanctions for individual soil-climatic regions.

2.1. Different-Time Soils of Archaeological Sites

More than 150 objecte (soUs ore archaeological sites) wete studied; the key ones are shown in
Figure 1. In the territory' of the Crimean Plainland (polygon 1), data were obteined on the thickness
of the horizons A and AB in repetitions on 117 dated surfaces, including 36 objects aged (based
on historical dates) 230 years and less; the rest were dated in a range from the 14th century B.C.
to the 17th century A.D. For the particular conditions of the sub-Mediterranean climate (polygon
I1), the chronosequence members were 42 objects within the date range from 25 to 2000 years old.
Some members erf the chtonosequence were the calcaric Cambisols, which were used to form the
chronofuncrions preseneed in previous pedological studees based on 21 archaeological sites [34,35],
but were supplemented by the results of subsequent studies. The Munsell colour system [36] was
used for this determination of soil colours. For evaluation of soil organic carbon (SOC), we ueed a
method based en the oxidation of oreanic matter K2Sr207 in H2SO4 and the subsequent determination
of tho trivalent chromium eqoivaleet content of organic substances, using a photoelectrocolorimeter (a
modification of Tyurin's method) [37].

The empirical data of the soil erosion measurements with close-growmg vegetation [38] were
processed using a relief function LS (by Renard et al. [39]), which allowed a differentiated consideration
of the specific features of the slopes when Slope (S) < 9% or > 9% and for Length (L) <4 m or >4 m.
To process the data, we used the software product Statistica Advanced + QC for Windows v.10.
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2.2. The Climatic Features of the Study Area

The climatic parameters were taken from the regional reference book [40] on meteorological
stations, which characterizes the specific features of individual regions in the first polygon of the study
area (Yevpatoria (West), Kerch (East), and Simferopol (South)) and in the second polygon of the study
area (Yalta) (Table 2). These data were used for the evaluation of energy expenses on soil formation (Q).
When we introduced these to the formula found in Reference [41], converting the radiation balance
values to an international system of unit measurement values (conversion of calories into joules),
the calculation formula for the value of Q (MJ/(m2-year)) was modified into the following form:

Q=R ™13~ ), (1)
where R is the radiation balance (MJ/(m2-year)) and P is the annual rainfall (mm).

Table 2. Climate parameters [40] for polygons (I, 1) and regions of research.

Polygons | I
Regions West East South SCC
Tyear (°C) 9.8-11.0 10.4-11.0 10.3 10-12
£T>10° 3335-3400 3340-3460 3160 3655
Precipitation (mm) 355 225-375 450 430
Total evaporation (mm) 744 760 855 925
Q, (MIm-2 year-1) 1062 1155 1195 1380
Calcic Chernozem,
Basic soils Petrocalcic Luvic Chernozem Calcic Chernozem  Calcaric Cambisols
Chernozem,

Rendzic Leptosol
Note: SCC, the South Coast of Crimea; Q, radiation energy expenses on soil formation [41].

3. Results

The estimates of the rate of soil formation and of its most important indicator—the rate of
formation of the humus horizon of soils—have been used to solve various scientific and practical
problems: for the normalization of erosion losses of soil in the determination of T-values [42,43]; for
correcting the necessary efficiency of erosion control measures [44]; for calculating the location of
erosion control boundaries in agricultural landscape conditions [45]; for determining the durability of
soil use in the presence of anthropogenically caused water and wind erosion [46]; and as an indicator
of the regenerative capacity of an ecosystem [47].

3.1. T-values and the Rate of Soil Formation

The T-value, before the emergence of empirical and reliable data on the rate of soil formation
(1940s-1950s), was determined through the values of geological erosion. Therefore, it makes sense to
present erosion estimates from field observations. Estimates of erosion with close-growing vegetation
at 12 locations in 10 states of the U.S., with an average amount of annual precipitation between
760-1850 mm [38], indicated that normal slope erosion was likely 0.22-1.34 ton per ha annually on
land suitable for agriculture. In our work, a deeper analysis of these interesting data was carried out
(see Figure 2). Processing the measurement results of erosion losses with close-growing vegetation,
according to 307 experiments [38], showed that, in geomorphological conditions in which the slope
varied from 1-32° (at an average of 8°), with a length of 21 m, the calculated value of LS (according to
Renard et al. [39]) was 1.7 (0.25 ~ 5.57) and the average soil loss value (at runoffvalues < 120 mm; n = 32)
was 0.20 £ 0.12 (0 ~ 1.64) t ha-1 year-1. Moreover, itwas only when the value of the runoff was greater
than 122-198 mm (n = 4) that the average value of soil loss reached 2.6 t ha-1 year-1. Additionally, it is
important to note that if soil protection by the vegetation is effective, then, on short slopes, soil-loss
dependence on the terrain conditions and the runoff layer was not detected (see Figure 2).
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Figure 2. Distribution of the soil loss values (t ha 1year *), depending on the values of the relief
function (LS) and runoff (R, mm). Source data from Ref. [38].

In favourable conditions, the rate of soil formation (2.5 mm year-1) is greater than the average rate
of denudation (1 mm year-1); however, anthropogenic erosion (average 2 mm year-1) is significantly
greater than natural rates of soil formation (0.02 to 0.5 mm year-1) and rates under normal agricultural
practice (0.25 mm year-1) [48]. The erosion rates of cultivated agricultural fields with traditional
land-use practices are of 1-2 orders of magnitude greater, on average, than the rates of soil production,
erosion under native vegetation, and long-term geological erosion [49].

It is important to note that the direct identification of T-values with the rate of soil formation
has shown its lack in viability, for a number of reasons: The rate of natural soil formation is often
an order of magnitude lower than the desired rates (possible for the organization of anti-erosion
monitoring); and agricultural landscape soils are characterized by rates which differ from those in the
conditions of natural soil formation. Itis noteworthy that the crude evaluation of soil formation "1 inch
in 30 years" [60] served as the only basis for establishing the upper limit of the T-value, which has been
used in the soil conservation practices for agriculture in the U.S. [61-53] and which is often applied to
other soil-climatic conditions of the world [54-59]. However, since the rate of soil formation depends
on time, a stricter substantiation is needed, using large arrays of empirical data. Current approaches
for calculating T-values lack a strong scientific basis, and few practicable methods are available [60,61].

3.2. Summarized Rates of Soil Formation

A significant sampling of the earliest estimates of natural soil formation is presented in the
book Buol, Hole, and McCracken [62], and in the reviews by Buol et al. [62]. The table includes
11 dated soil horizons (profiles) from works published between 1940-1960, where the authors noted
their problematic nature. A summery ef absolute soil age by Dolgilevich [2] included works from
1866-1970 and presented the estimated rates for pedogeeesis 0of 0.28 + 0.06 mm year-1 (Chernozems)
and 0.36 £ 0.17 mmyear-1 (Kashtanozems). These summaries presented a total of 26 individual dates
(pedogenesis chronological points). Patterns in the humus formation horizons for the main tonal types
of soils of the East-European Plain on rocks of leamy composition were established by generalizing the
dafa m tire; htecature and through regional resenrch (outputn = 158) [63]. The mean soil rate, with a
bulk density of 1.2 t m-3, fluctuated from 0.2-0.3 t ha-1 (light ehestnut and podzolic soils) to 0.5 f ha-1
(typical Chernozems). We carried out a generalization of the data from the literature of the 1970s-1990s
(according to 78 estimates), which showed that, under natural conditions of pedogenesis, the average
rate of formation of the humus horizon could be estimated as 0.162 mm year-1, with oscillations
of 80 times (from 0.0125 to 1 mm year-1). Similar results were obtained when generalizing the
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average interval estimates in 67 publications: AH/At = 0.132 £ 0.02 mm year-1 (0.018+0.85 mm year-1).
The distribution of average interval estimates showed that, most often (in 55% cases), the average rates
of soil formation are estimated by the value of up to 0.2 mm year-1. Thus, the totality of the data
contained in the existing literature forms the notion that the average rate of formation of the humus
horizon, under the effect of the natural factors of the pedogenesis at an equilibrium bulk density (we
shall assume it to be equal to 1.25 t m-3), is 1.65-2.0 t ha-1 year-1.

The major factors of soil formation (climate, organisms, relief (topography), and parent material)
are equally important, but their impact on pedogenesis may change over time, depending on soil
age and the stage of soil development [31]. The development of the soil over time, as well as the
rate of erosion, is largely dependent on the physical and geochemical characteristics of the soil [64].
Estimates for the rate of soil formation may be obtained through a description of the biogeochemical
processes of the transformation of the parent rocks into soils and, in a simpler form, if we consider two
related processes: the formation of the thickness of the humus horizon of soils and the accumulation of
soil organic carbon (SoC) in it.

We introduce the following notation: H is the thickness of the humus horizon (mm); Hs_um is the
limiting value of the thickness of the humus horizon, H, in specific bioclimatic conditions, for a certain
granulometric composition of soil-forming rocks (mm); tis the time of soil formation (years); and /1is a
coefficient which depends on the bioclimatic conditions of soil formation.

The process of soil development over time can be adequately described using the S-shaped curve
family; in particular, using the Gompertz function:

H (t) — H Un-e(-eat+M), (2)

where Hlim is the limiting value of the thickness of the humus horizon which the soil can reach during
a development period equal to the period of Holocene (mm); and a and /1 are empirical factors, where a
may be interpreted as the level of the original fertility of the soil-forming rocks and J1is the coefficient
of the dynamics of the process, over a length of 1 year.

The choice of a Gompertz function seems appropriate for our purposes, as the use of this equation
makes it possible to outline the key phases of the growth of the humus horizon.

A substantiation of the empirical coefficients in Equation (2) was carried out for the Chernozem
using a large amount of pedochronological material.

The properties of the soil formation model may be better studied when written in a differential
form, assuming that all variables change continuously. The replacement (unintentionally, or as a result
of a calculation) of a non-linear function with a linear one leads to the fact that the correspondence
is reached only at the point of intersection and, before that, the rate estimates are under-estimated;
however, afterwards, they are over-estimated. The most accurate representation of the rate of soil
formation is the single-moment rate (V = dH/dt). In connection with the non-linear dependence dH/dt =
f(H), the averaged rate AH/At is not equal to the single-moment rate dH At.

By differentiating Equation (2), a dependency was obtained to determine the rate of soil
development over time, which has the form:

V (t) — -HIlim-A-e(-a+Af) -e(-e"+Ab), 3)

Analysis of the Gompertz function gives valuable information on the regularities of pedogenesis.
A special feature of this function is the presence of three critical points, denoting the turning moments
in the dynamics of the growth processes. Their definition is based on the calculation of the first and
second derivative functions (with respect to the rate and to the acceleration of growth). The use of
the Gompertz function can be considered as a general solution for a model of pedogenesis and as
the best option for approximation for the data of soils with a complex development; as, for example,
was shown earlier for forest-steppe soils of the East-European plain [16].
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The calculation of the eoil formation rate for Holocene soils in the study region was carried
out usmg 9°e following; parameters: /1 = -0.00029 and a = 0.742. The estimates of the potential
rates characteriee the average long-tetm heat and moisture supply regime that developed during the
instrumental observation period.

3.3. Regional Chronofunctions of Changes of the Humus Horizon

The degrees of soU degradaiion m mountamous, footWn, and plain Crimean areas are Averse,
requiring differentiated erosion controt measures. Therefore, in the mountains (po°ygon Il), the calcaric
CamMsols were 70%eroded, es in isiany Mediterraneanregions (including Greece, where erotion
encliides about half of the cultivated, hilly, and mountsinous arens of the countty [6°)]).

FOTtlie territory of the Crimean Plainland (polygoo 1), the data of tine thickness of the horizons A
and AB were generalized earlier [31]. Thete were used later for mathematiral modolmg (see Figure 3).
Data approximation using; a polynomial was used to efeablish the conGidence limits;. It should be
noted frat wrtwn the confMence iniervals (whirh reflect the iniza-regional differences), it is possible
to ruiline a 9amily of curves which w;l1 be governed by the same regularity, ass established by tlie
exprneniial (Jenny [66]) and JSty"pee gquations. In particular, a comparison of the calculated values
for these models with the use of the Kolmogorov-Smirnov test [67] showad that the models for tlie
studied soils gave results for which the difference was insignificant (P = 0.95).

T (year)

o I (east); O I (west); o I (south); Polynomial trend; — Confidence limits (95%)

Figure 3. Chronofunctions of changes of the humus horizon (H, mm) for the soils of polygon (I)-type
(see Table 2) over time (T, year). Confidence limits (P = 0.95).

For the function of the 3500-year changee in the thickness of the humus horizon of the Chernozems
(with Hlim = 800 mm), according to the model of exponential type, the following empirical coefficients
were determined: a = 0.785 and J1= 0.000466. The maximum growth rate of the Crimean Chernozems
was observed in the first few decades of soil formation, reaching 2-4 mm year-1 [31]. During the
subsequent phase (by 1600-1800 AD), the soil reached maturity, after which the soil formation
rates irreversibly slowed down, if the soil-forming potential of the environment did not change.
Land withdrawn from agricultural use (for example, as done in the U.S., according to the Conservation
Reserve Program (CRP)) has implications for evaluating the effects on amount and rate of soil
organic carbon (SOC) storage and retention, and maintenance and restoration of soil productivity
of previously-eroded soils [68]. An increase of biodiversity stimulates soil formation: complex
poly-dominant communities ensure stable and quick soil reproduction (up to 4 mm year-1) [69]. At the
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initial stages of pedogenesis, when the highest renewal rates are observed, there occurs a replacement
"ecosystem attractor”, which controls the process of accumulation of SOC, in situ, in the layer of
maximum development of the parent rock by the biota, a "climatic attractor” [70]. For Chernozems,
this replacement occurs after 70-170 years, when the soil reaches the first 15-20 cm of thickness of the
humus horizon [71].

Field studies in 2016 permitted us to obtain new results, by studying calcaric Cambisols at
archaeological sites for the SCC territory with sub-Mediterranean conditions (Table 3).

Table 3. Parameters of soil chronosequences at archaeological sites of the SCC with
sub-Mediterranean conditions.

Archaeological Soil Age Parent Horizon, Munsell CaCO03  pH Corg AC (% AH
Site a (years) Material a Levels (mm) Colour (dry) (%) H20 (%) year-1), n-10 (mm year-1)
Kutlak 25 L AC, 0-29 10YR 5/35 46 79 3.96 158 117
Kharaks 30 CaG AC, 0-77 10YR 5/3 26.2 82 1386 375 257
Ayu-Dag 42 L AC, 0-25 10YR 5/35 - 7.3 3.48 0.83 0.60
o AC, 0-50 10YR 472 144 6.8 713 0.82
Bol'shoi Lambat 87 CaG AC, 50-73 10YR 4/25 148 75 5.87 0.67 0.84
AC, 0-30 10YR 5/3 25 7.2 411 0.41
Ayu-Dag 100 L AC, 30-50 10YR 5/35 22 74 316 0.32 051
N AC, 0-40 10YR 5/3 225 84 1474 158
Kharakskii park 107 CaG AC, 40-85 10YR 5/5 38 87 287 031 0.7
a6 . AC, 0-66 10YR 5/4 34 6.3 6.35 0.18 041
Ayu-Dag AC, 66-145 10YR 6/3 25 61 551 0.16 :
316 CaG AC, 0-83 10YR 6/25 15 48 6.93 025 0.30
o AU, 0-64 10YR 472 28 59 235 0.04
Bol'shoi Lambat 560 wc BCA, 64-185  10YR4/25 18 56 5.86 0.10 0.33
Isar Gelin-Kaya AU, 0-188 10YR 472 175 81 757 012
(Kizil-Tash) 610 CaG B, 0-270 10YR 5/3 26.6 83 1436 0.24 0.44
AU, 0-60 10YR 3/3 6.8 8.0 3.39 0.05
Uehan-Sut 700 wc AU, 60-182 10YR 4/3 6.8 8.0 7.27 0.10 0.26
chan-su-lsar 700 we AU, 0-135 10YR 3/3 65 7.9 311 0.04 028
B, 135-196 10YR 473 6.8 79 7.38 011 :
o AU, 0-46 10YR 472 4.0 7.2 6.58 012
Bol'shoi Lambat 700 CaG AU, 46-103 10YR 472 46 7.6 435 0.08 0.18
AU, 0-160 10YR 472 38 8.3 312 0.04
Alupka-lsar 710 CaG B, 160-229 10YR 672 120 83 812 011 0.32
AU, 0-124 10YR 3/2 104 72 7.86 011
Oreanda-Isar [ CaG AU, 124-190 10YR 4/3 18.8 8.2 4.94 0.07 0.27
Oreanda-lsar 717 wc AU, 0-180 10YR 4/25 19.1 8.0 3.90 0.05 025
AU, 0-130 5YR 3/2 4.2 78 2.29 0.01
Kharaks 1700 wc B, 130-183 5YR 3/4 25 8.2 2.09 0.01 on
AU, 0-152 10YR 5/3 236 82 1151 0.07
Kharaks 1700 caG AU, 152-260 10YR 5/4 24.4 82 1438 0.08 015
B, 260-320 10YR 6/3 26.2 84 1397 0.08
AU, 0-25 10YR 4/1 37 6.3 8.64 0.05
Bol'shoi Lambat 1920 L+ [A] AU, 25-120 10YR 5/15 28 7.0 456 0.02 013
B, 120-254 10YR 5/15 31 75 2.20 0.01
Protected soil 10000 cae AU, 0-60 5YR 3/15 48 8.0 435 0.004 )
(Cape Martjan) a AU, 60-200 5YR 4/4 25 7.4 2.03 0.002

Note: aWC, weathering crust; CaG, clay and gravel; L, loam.

During pedogenesis, according to the equation of change in the thickness of the humus horizon
(A+B) of calcaric Cambisols over time (see Figure 4), between the ages 100 and 2000, the total thickness
A+B increased from 60 to 260 mm. However, the ratio A/B remained practically unchanged over time:
X £ t05-Sx = 1.15 + 0.12 (1.03 ~ 1.27) (n = 20).
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Figure 4. Chronofunctions of changes of the humus horizon (H, mm) of the calcaric Cambisols over
time (T, years). Confidence limits (P = 0.95).

The data in Table 3 (average values A H) show that the calcaric Cambisols in the region with
sub-Mediterranean conditions formed humus horizons over the last 2000 years w ith an average rate
of AH = 0.52 £ 0.13 mmyear-1. The average annual rate of formation of the humus horizon of the
soil chronosequence decreased with time, from 2 to 0.12 mm year-1 (Table 3). Over time, the growth
ratet of the humus horizon thickness decreased: up to 10)) yearc, dH/dt = 6.8 mm 100 year-1; from
100-400 years, dH/dt = 6.6 mm 100 year-1; and, in excess of 400 years, dH/dt = 5.0 mm 100 year-1.

Despite the predomtnance of bense carbonabe roeks as tha parent tock (with the content of CaC03
being 9.56 + 1.42°%), the pedogeneeis was due to favourable climatic conditions: very mild winters
where a major amount of precipitation falls, and thare is ahigh degree of hect supply. This was also the
cause 0) the accelerated accumulation of soil organic caebon: ZgC (n-10) formed at 0.27 + 0.13% year-1.
As shown earlier [35,72], in the; chronological series of the calcaric Cambisols, the humus content in
the upperthorieon increases with kge, from 4.1% to 7.0-9.t%. A significant humus accumulktion was
obserced in soils aged at only several centuries (Table 3). Subseauently, this rate of humus accumulatiob
decreased. During the Holocenc, soil evolution in the cinnamonic soils zone of southwestern Crimea
was marked by active humus accumulation (about 0.04'%/100 year), as well as an enrichment in niirogen
of the humue [72]. According to Table 3, the rates of theprocesses of accumulation of organic carboo
(O(C, % year-1) and the formation of horizon A were gknerally synchronous, up to periods el 2000 years,
with the exception of the first 100 years, where tie humus accumulation (with a decrease in the average
annual immokilization rate of Corg from 3.7506to 0.63% year-1) outran the process oi the deepening of
humus substances into the profile.

4. Discussion

4.1. Stages of Engineering and Geographical Arrangement of the Agricultural Landscape

The engineering and landscape substantiation of geo-planning (landscaping and land use) allows
us to outline the foUowing main stages of the arrangement of agricultural landscapes, which are
capable of ensuring soil conservktion andecological pusposee.

1. The use kf Geographic Information Systems, in particular GIS mapping of the agricultural
landscape territorial seructures. In addition to reflecting the landscape morphology, natural-ecoaomic
systema, and mfrastructuralelements of economic and natural conservation activities, takikg into
account the positional (catenary) junctions o. the kndscape is important for slope farming.

2. Three-dimensionalparametrization of the structure (brsed on a digital model of the relief
and terrain modele and evaluation of the performance indicators of agricultural landscape systems.
Of particular importance are estimates of the resource potential, as well as resource formrng and
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degradation processes. To optimize land use, it is promising to use integrated estimation indicators,
including estimates of the rates of destruction, reproduction, and quality of the soil (see approach 3 in
Table 1).

3. The engineering and landscape justification of the location of the linear elements of soil
conservation systems and of watersheds, as well as selection of the type (construction) of flow regulation
and water disposal systems. The optimal use strategy is chosen by means of iterative calculations.

4. Use of methods for evaluating the delivery of sediments from watershed slopes into permanent
watercourses [73].

5. Formation of an ecologically-balanced landscape structure (an optimal ratio of arable land,
forest, meadow, and water). The current state of use may be quickly evaluated using high-resolution
images from Google Earth [74], or from other similar services. However, the task is to use these results
for an environmentally friendly and resource-saving landscape, for lean and responsible land use.

6. Identification of the landscape for natural-reserve and historical-cultural purposes. Planting of
camouflaging, dust, and noise-control vegetation. Development of architectural and planning solutions
for improving the aesthetics of the agricultural landscape.

7. Formation of a structure for agroecological monitoring, functionally connected with the
regional GIS.

Two basic approaches for optimizing the use of soil resources in erosion-hazard areas have
been determined [6] on the basis of commonly used criteria (resource, ecological, economic) for
optimizing and simulating. However, taking into account the multi-criteria nature of the problem of
optimization and the non-linearity of the algorithms that describe the behaviour of erosion systems
in agricultural landscapes, strictly practical implementation of this task using formal mathematical
optimization methods is impossible. Therefore, almost the only approach in the optimization of land
use in erosion-hazard areas remains to be multi-variate simulation modeling.

A practical implementation of the methods for optimizing the use of erosion-hazard landscapes
requires the involvement of advanced information technologies. Moreover, in view of the fact that the
task of multi-criteria optimization of land use cannot be fully formalized, the best option for the use of
land resources (i.e., that is optimal in terms of the totality of the economic, environmental, and social
criteria) will be provided by the method of simulation with a subsequent analysis and assessment of the
results [6]. Most effectively, this problem may be solved using computerized decision support systems,
which, in addition to software-based mathematical models of basic processes, optimization criteria,
and decision-making algorithms, include a data bank, a scenario library, and an interface module
providing communications between the computer system and the user or a group of professionals.

4.2. The Determine of T-valuesfor Agricultural Landscapes

It is clear that the estimates for the rate of formation of the humus horizon should receive a more
thorough empirical substantiation, both in terms of the conditions for natural pedogenesis and taking
into account the direct and indirect effects of economic factors on agricultural landscapes.

The phytomass production, which is provided by broad-leaved forests in the forest-steppe,
constitutes 11-12.71ha-1, and meadow steppes annually produce 19.9 t ha-1 of phytomass, including
a 65% share of the underground production [75]. In the conditions of natural steppe ecosystems, 4 t
ha-1 of roots are involved in the complete cycle of transformation in the humus-accumulative horizon
of the soil every year, which ensures the annual input of 0.871ha-1 humus, 3.5 times higher than its
input due to surface littering in steppes under fescue, and 1.6 times higher if feather-grass dominates
in the steppe. The calculated value for the total renewal of the humus in the layer between 0-20 cm in
steppe soils is 110 years [75].

It is advisable to adjust the possible degree of achieving the potential rate of soil formation in
specific agricultural landscape conditions with a process loop by using a model that reflects the rates
of anthropogenic soil formation (taking into account the soil quality (SQ) and its changes because of
erosion and reproduction of organic matter).
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In general, the balance equation of the process of humus formation, which reflects the change in
the components of the balance over one year, may be written as follows:

ACa+ ACb+ ACc+ AQ + ACg+ AC+ ACns + ACM+ ACS= ACp+ ACmn + ACZ+ ACe+ ACZ+ ACgtAC  (4)

where the input of humus (t ha-1) is provided by the following sources: the remains of agricultural crops
(ACa) and weeds (ACb); organic fertilizers (ACd); consolidation in organo-mineral compounds during soil
formation (ACs); and the nitrogen balance input (kg ha-1) items, converted using the coefficient 0.02 (1 ton
of humus contains, on average, 50 kg N) into an adequate amount of humus (in units t ha-1): input from
the seed material (ACc); from nitrogen and complex fertilizers (ACq); from atmospheric precipitation (ACpz);
from symbiotic consolidation by leguminous crops, herbs, and lifetime root secretions (ACns); and due to
fixation of atmospheric nitrogen by soil micro-organisms (ACm).

The expenditure of humus is related to the following items: erosion (ACe); renewal of humus
resources and its mineralization during mechanical soil cultivation (ACmn); profile migration in humid
areas and irrigation of soils (AQz); and expenditure items for the nitrogen balance: biological removal
by crops and weeds (ACp), removal of mineral fertilizers as a result of runoff (ACz), and losses in the
form of gaseous compounds (ACg).

The input component of the process of humus formation (ACar) is mainly composed of the plant
(surface and root) residues of agricultural crops, organic fertilizers, and (indirectly) mineral fertilizers.
It may be presented in the form of the following components:

ACar = (pg-K'h-A+ K"hD + 0.02-A-0z-Kn + 0.2-pP, 5)

where A and D are the amounts of plant residues and organic fertilizers (t ha-1), respectively; K'h and
K" h are their humification coefficients; 0 z is the dose of (nitrogen or complex) fertilizers of a certain
type (kg ha-1); P is the seeding rate (t ha-1); ( g is the coefficient of transition from the value of newly
formed humus in the arable horizon to the total value of humus formation in the profile; /1is the
coefficient reflecting the nitrogen content in certain types of mineral fertilizers (varies from 0.04 in
ammophosphate to 0.82 in liquid ammonia); Kn is the factor of nitrogen usage from mineral fertilizers;
and ” is the nitrogen content in the seed material (%; the average for cereals is 1.6%).

Kn for arable lands, it is advisable to normalize the T-values by means of an equation where the
rate of pedogenesis is associated with the basic changes of soil organic carbon:

H(ACar - ACmn - ACg) + C-V
T- values = - — , (6)

where H is the thickness of the humus horizon (mm); ACar is the input component of the process of
humus formation due to plant residues and fertilizers (tha-1); ACmn is the mineralization of humus,
which depends on the structure of crop rotation and yield level (t ha-1); ACg is the mineralization
(renewal) of passive humus (t ha-1); Cp is the humus content in the washable soil layer (%); C and
Co-10 are the humus reserves in the humus horizon and the washable soil layer, respectively (t ha-1); V
is the rate of soil formation (mm year-1); y is the bulk density in the washable soil layer (t m-3); and k
is the coefficient of excess of humus content in the solid sink, with respect to the original value.

This solution is less accurate than (Equations (4) and (5)) but is suitable for practical use in SQ
management on agricultural lands. Thus, estimates of the rate of soil formation (V, mm year-1),
as calculated using pedochronological data and shown in Table 3, are only one of the parameters in
justifying the T-values for the modern conditions of agricultural ecosystems. The use of the predicted
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rate of soil loss (W), according to known formulas [76,77] and T-values, makes it possible to obtain a
formula for establishing the permissible width (L, m) of contour strips for slope farming:

10yT - W
1.53-10- 3j Rj Em-A(0-85-100m)-KgmSn

where T is the soil loss tolerance (mm year-1); W is the rate of soil loss (t ha-1year-1);y is the bulk
density in the washable soil layer (t m-3); jR and JE are indicators of relative flushing for individual
soils and the extent of their erosion, respectively; S is the slope (%); n is an exponent that depends on
the crop and the degree of soil erosion; Kgm is the hydrometeorological parameter of soil wash-out;
and e-A(085-100m) is a function that reflects the effect of vegetation on soil wash-out [76].

The higher the hazard of the development of erosion processes on a slope is, the narrower the
contour strips are (i.e., a smaller value of L, according to Equation (7)), the boundaries between which
may be strengthened with banks, ditches, forest belts, and so on.

The natural soil formation rate, which was able to compensate for normal (geological) erosion,
was estimated, by the authors, for an area near the Black Sea region, according to the model of
surface soil runoffduring the summer-autumn period, taking into account soil areas of individual
erosion levels. The results showed that the magnitude of the storm water wash-out in this area (with
precipitation 400-550 mm year-1) was comparable, in pre-agrarian periods, to the rate of natural
pedogenesis, and may be interpreted as the magnitude of normal erosion (0.6 t ha-1year-1).

Thus, in our opinion, the most promising approach to the problem of normalizing soil erosion
losses in agricultural landscapes involves solving two problems. Firstly, instead of the currently
accepted average estimates of the rate of soil formation, it is necessary to develop models that reflect
the dependence of the rate of soil formation under natural conditions (with a sufficient input of the
plant matter) on the morphological and functional maturity of the soil. Secondly, itis advisable to
adjust the possible degree of achieving the potential rate of soil formation in specific agricultural
landscape and process loop conditions, using a model that reflects the intensity of the anthropogenic
soil formation (taking into account the quality of the soil and its changes because of erosion and the
reproduction of organic carbon). Agriculture must also address tremendous environmental concerns,
asitisnow adominant force behind many environmental threats, including the degradation of land [78].
Implementation of soil biological functions in the standard paradigm of agricultural technology is
problematic—the modeling and normalization of the soil should not be done in the customary imitative
manner of agricultural technology and land reclamation. Finding new possibilities with acceptable
probabilities for the control of new soil evolution quality is on the agenda [79].

4.3. Use ofPedochronological Datafor Land Restoration and Soil Quality

The state of a soil system may be described either by input-output signals (factors of soil formation
and soil properties), or by macro-parameters of the system (such as rate and acceleration) [31]. The rates
of formation of the humus horizon (dH) and the accumulation of Corg (dCorg) for the conditions of
natural soil formation can provide data on soil chronosequences at archaeological sites, as we did in a
particular region (Table 3). Programs for the restoration of degraded lands may effectively use the high
initial renewal rates, which are subject to a large input of organic matter into the soil, as in natural
ecosystems. The averaged estimates of the soil formation rate, as more and more long stages of the
formation of the soil profile are taken into account, will reflect the formed soil to a decreasing degree.
The longer the time interval used for calculating the rates, the more the true value of the rate dH/dt will
be distorted, due to the differences in the curvilinear dependence H =f(t) on the linear average AH/At
=H2- HA(2 - bl.

If the conditions for reproduction of Corg are created in the soils, the rate of soil formation may
vary significantly, depending on the residual thickness of the humus horizon (and on the degree of
erosive degradation of the soil) (Table 4).
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Table 4. The averaged potential estimates of the rate of formation of the humus horizon (tha lyear J),
depending on the degree of soil erosion degradation.

Degree of Erosion Degradation Chernozems  Cambisols

Low 1.26 1.86
Average 2.03 147
Strong 4.50 4.69

Equilibrium bulk density is 1.25tm 3.

Note that there are differences, up to 2.5-3.5 times, in the rate of formation of the humus horizon,
due to the non-linear nature of changes in the soil-forming process over time, at the initial and final
stages of the formation of the soil profile. The estimates of the soil formation rate can be used in
the implementation of programs for the ecological rehabilitation of degraded land in the chernozem
zone, as well as in the sub-Mediterranean conditions, where the background soils are Cambisols.
An indispensable condition, in order to achieve optimal rates of formation of the humus horizon,
is implementing effective programs of environmental re-naturation (the use of multi-component grass
mixtures, adapted composition of forest cultures, and so on).

However, for arable lands, amendments should be introduced, primarily related to the shortage
of plant matter that enters the soil. It was found [80] that the typical black soils (Chernozem), which
formed under meadow steppes, contain 2-7% humus, and the total humus reserves in the meter
layer change from 200-650 t ha-1. When the phytomass production is correlated with the humus
reserves, we obtain a ratio which indicates how much of the plant matter ensures the reproduction
and deposition of 1 t. In a meadow cenosis, an annual organic matter input of 47 kg per t of humus
ensured the intensity of the natural pedogenesis and the humus formation that characterizes typical
black soils (Chernozems). In agricultural cenoses, this indicator is four times lower; if we assume the
value of the annual input of organic matter to be from straw and root residues of cultivated plants
(without the introduction of organic fertilizers), itis 5 t ha-1 lower. Thus, under the usual conditions
of the advanced economic management of agricultural land, it is difficult to assume that the rates of
anthropogenic soil formation may be higher than the rates of the natural process.

For example, for a region near the Black Sea with an advanced structure of field crop rotations
(tilled crops, in particular, covered 34% of the arable land), the magnitude of accelerated erosion
was 8 tha-1 year-1 and, thus, the rate of erosion destruction of land after agricultural development
started became 14 times higher [62]. Additionally, the quality of the soil resources over the period of
advanced agricultural use has changed: the reserves of SOC, due to physical and chemical degradation,
lowered by 20-40% in the arable horizon [81]. The contradictory character of the process of soil
formation during agrogenic evolution determines the special importance of representing the changes
in both the thickness of the humus horizon (H) and the Corg content in a generalized index. For this
purpose, an equation is proposed, which reflects a differentiated contribution into the assessment of
the soil quality (SQ) of the mostimportant components (the thickness of the humus horizon and the
carbon content):

Adt =m k-l-Corgm%l? + m-Hk-Corgm-l- gt \(/3)
where k and m are the exponents for H and Corg, respectively.

The differentiated contribution of the individual components to the assessment of the total soil resource
change is reflected by the values of the coefficients k and m (for Chernozems, 0.29 and 0.74, respectively).

The ecological aspects of the connection between soil quality and crop quality are also associated
with both the natural features of soil formation and anthropogenic impacts. An important aspect of
the assessment of the rate of soil formation is the geochemical composition of the parent rock [82].
The problem of soil contamination with heavy metals arises, even when using conventional mineral
fertilizers [83].
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5. Conclusions

This study has shown that an adaptive landscape approach to the geo-planning of ecologically
sustainable agricultural landscapes should combine the results of geographic studies of their topography
and of functional engineering solutions for obtaining the estimates of potential erosion losses and
soil formation. Substantiation of an anti-erosion organization of agricultural landscapes requires not
only differentiated estimations of erosion losses (within the watershed, slope, and even points of
space), but also commensurate estimations of the soil loss tolerance. Through a critical analysis of
the previously developed approaches, this study allowed incorporation of the results of pedogenesis
modeling into a computational method for the organization of agricultural landscapes. The results of a
study of the process of formation of the humus horizon and of the accumulation of organic carbon
in soils, based on archaeological sites during the period from 25 to 2000 years old, with differences
in climatic and parent rock qualities, in a region with a thousand-year history of human activity,
can be used for the development and implementation of programs for the ecological rehabilitation of
degraded land in sub-Mediterranean conditions. The chronofunction of the change in the thickness of
soils is especially promising: a logistic type (in connection with the slowing of the rate of pedogenesis
over time) must be applied, which allows for the calculation of the rate of the formation of the humus
horizon, depending on the morphological status of the soils. The management of the process of
reproduction of soil resources involves the use of several standard indicators: permissible erosion
losses of the soil, the rate of formation of the humus horizon, the optimum rate of humus formation and
humus accumulation, and equivalent doses of organic fertilizers. All these factors may be considered
as the most complete and rigorous solution of this problem, as compared with available approaches
for determining T-values to ensure resource-saving and ecological farming.
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