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ABSTRACT 

The Kulunda Steppe in southwestern Siberia is one of the most intensely used agricultural landscapes 

in the world. Today it is characterized by depletive soil management practices and intensities that are 

unadapted to the local site conditions. Severe soil degradation and a loss of soil organic carbon (SOC) 

occurs at agriculturally used areas.  So far, only few studies analysed the spatial extent of these 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

2 
 

degradation effects and came to inconsistent assessments. We consider that different results arise 

from different definitions of SOC changes and from different spatial scales. Thus, local soils under 

different land-uses were sampled to a depth of 30 cm to determine land use dependent changes in 

topsoil SOC. Site specific soil data was merged with appropriate land-use classifications and soil maps 

from the mid-1970s and up-to-date data from 2013/2014 to balance land use corrected SOC pools. 

Here, we use a hierarchical approach to extrapolate local findings to regional and biome scale for 

typical and dry steppe. At the test area, land-use changed only moderately after the Soviet period. 

The steppe biomes are also characterized by large areas that are not affected by land-use change and 

ensuing SOC loss. Agricultural use led to a mean carbon loss of 23.3 % for Chernozem soils and 13.9 

% for Kastanozems. Natural heterogeneities, such as small scale changes in relief or soil type, are 

missing in small scale maps due to generalization that leads to varying results. The calculated 

regionwide SOC loss is maximally 15.2 % using the small scale map. Following different calculation 

approaches, according to different map scales, detailed or coarse resolution SOC-stocks differ by up 

to 59.7 %. Consequently, subsequent calculations or modellings may include this uncertainty into 

consideration. 

 

 

KEY-WORDS 

 steppe soils, soil organic carbon, agriculture, land-use change, map scale dependence, Russia 

 

INTRODUCTION 

Humans have transformed large parts of the earth´s surface into cultivated areas for food production 

(Ellis, 2011). Especially, temperate grasslands are of particular importance. Their fertile soils were 

converted to the most productive croplands worldwide, particularly within the last 150 years 

(Hoekstra et al., 2005; Ramankutty et al., 2008). This conversion has adversely affected almost 46% 

of the temperate grasslands (Hoekstra et al., 2005). Inappropriate agricultural land-use practices 
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have led to diverse ecosystem changes (Tilman et al. 2001; Schreiner & Meyer, 2014) such as habitat 

loss and species depletion (Hoekstra et al., 2005; Ellis, 2011), while soil degradation has restricted the 

diversity and performance of these landscapes as a result of large-scale ecosystem conversion (Gao & 

Liu, 2010; Meyer et al., 2008). Human induced land-use changes accelerate these degradation 

phenomena as well as soil carbon loss (see Jenny, 1941; Kalinina et al., 2011; Mikhailova et al., 2000; 

Poeplau et al., 2011; Rusalimova et al., 2006; Six et al., 1998; Somasundaram et al., 2018). 

Agricultural carbon loss has taken place for thousands of years (Jenny, 1941; Ajami et al., 2016). 

However, the intensification of agriculture has severely accelerated this loss in recent decades (Foxi 

et al., 2017; Hoekstra, 2005; Paramonov et al., 1997). According to Lal (2004), soils are the largest 

terrestrial carbon pool that stores 3.3 times the size of the atmospheric pool and 4.5 times the size of 

the biotic pool. Intensely managed soils in particular show higher rates of mineralization (Abbasi et 

al., 2015; Lal, 2010). Tillage accelerates changes in soil temperature and soil moisture, while 

harvesting hinders the carbon turnover and missing soil cover exposes the surface to erosion. Thus, 

manipulations or wrong treatment turns soil carbon into a major source of atmospheric carbon and 

could lead to serious consequences fostering climate change (IPCC, 2014; Houghton et al., 2001).  

Detailed information about carbon pools is essential for climate modeling and land-use decision 

makers. In regions with high agronomical pressure, carbon management has significant influence on 

crop productivity and consequently on yields (Lal, 2010). Economic benefits and food security might 

be dependent on detailed information on soil carbon as an indicator for soil fertility. Nevertheless, 

various calculation and modelling approaches have been applied (see Guo & Gifford, 2002; Kalinina 

et al., 2011; Poeplau et al., 2011, Rusalimova et al., 2006; Six, 1998) however, with appreciably 

differing results. We consider that different results arise from different definitions of SOC changes 

and from different spatial scales. Only few previous studies analyzed the spatial extent of these 

degradation effects, however with inconsistent results. 

The latest detailed soil information for the investigation area, located in the southwestern Siberian 

steppe belt, is related to the era of intense agriculture in the 1980s (KGKR, 1992). Studies show that 
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the policy of perestroika and glasnost of the 1980s and the collapse of the Soviet Union in the early 

1990s led to distinct land-use changes especially in the European part of Russia (Schierhorn et al., 

2013), but also in the western Siberian grain belt (Kühling et al., 2015). We want to demonstrate 

difficulties in calculating ecological aspects due to an information gap using the example of soil 

carbon in a dry steppe and typical steppe region of southwestern Siberia.   

This study (i) aims to quantify effects of modelling soil carbon pools in temperate grassland and 

changes between the Soviet and post-Soviet eras using different soil maps and land-use maps. By 

applying different calculation approaches (ii) we seek to ascertain the effects of different data base 

accuracy on carbon pool estimation. Therefore, we investigated a Russian steppe in the 

southwestern Siberian grain belt affected by intense agriculture, as an example for temperate 

grasslands.  

MATERIAL AND METHODS 

Study area 

The study area is part of the Kulunda steppe, located in southwestern Siberia, representing the 

eastern part of the Eurasian steppe belt. The specific area of interest administratively belongs to the 

Altai Region in Russia, bordering Kazakhstan to the southwest, the Aley River to the east and the 

border of the forest steppe to the typical steppe eco-region in the northeast (Atlas Altai Krai, 1978). 

It extends over two different biomes that follow a climatic northeast-southwest gradient in 

temperature and precipitation (see Fig.1; Atlas Altai Krai, 1978).  

The northeastern part is designated as typical steppe (Fig. 1-´Picture 2´). Highly continental climate 

with an annual precipitation amount of approximately 390 mm and 2.2°C average temperature (1974 

- 2013) characterizes the area (WMO Station Rebriha; No.: 299230; Temperature (Mean/Min/Max in 

°C) 2.2/-14.4/17.9). Following the gradient, the area is turning into dry steppe with approximately 

300 mm annual precipitation and 2.6°C average temperature (1974 - 2013) in the southwest (WMO 
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Station Volchiha; No.: 360220; Temperature (Mean/Min/Max in °C) 2.6/-16.8/18.6) (see Fig. 1-

´Picture 1´).  

The study area is located on an extra-glacial accumulation plain in a depression in which Neogene 

and Quaternary maritime, lacustrine and fluvial sediments accumulated to a thickness of up to 350 m 

with an average thickness of about 50 m (Franz, 1973). Alluvial sediment layers between 50 m and 60 

m accumulated due to fluvio-glacial water floods in the Middle and Late Pleistocene (Rudaya et al., 

2012). These alluvial sediments, consisting of loam, sand, clay and gravels are the source material for 

soil genesis (Meinel, 2002). Currently, soil cover forms a heterogeneous mosaic that dominantly 

consists of Chernozems and Kastanozems, while numerous other soil types are present to a smaller 

extent (Table 1; FAO, 2007; Franz, 1973).  

Chernozems with high nutrient content and high water storage capacity characterize the area 

(Eckmeier et al. 2007). To the southwest, with increasing aridity and, consequently, decreasing 

phytomass production, chestnut colored Kastanozems are dominant (FAO, 2007, Atlas Altai Krai, 

1978). The steppe biome usually does not show inclines of more than 1°. Within this area of mostly 

flat relief there are numerous sinks with undrained fresh water and salt lakes (Meinel, 2002). 

Particularly in these sinks, soil dissolved salts precipitate close to the surface due to high evaporation 

and originate Solonetzes and Solonchakes (Meyer et al., 2008; Meinel, 2002; Fig. 1-`Picture 3`). 

Hence, the soil fertility is linked to the climatic gradient, declining southwestwards which is also 

reflected by the humus content (Table 1; Bischoff et al., 2018; Kovda & Rozanov, 1988; Stolbovoi, 

2000; FAO, 2007).  

A distinctiveness of the region is its role during the so called “virgin land campaign” in the Soviet era. 

More than 42 million hectares of natural steppe and fallow land were converted into arable land in 

the course of the campaign (Meinel, 2002). Even areas with less than 400 mm annual precipitation 

were chosen, and conceivable harvesting risks were accepted (Meinel, 2002). In this context, the 

arable land increased about 150% in the study area. Accordingly, today, the landscape is 
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characterized by agriculture, where the main crops are spring wheat (Triticum aestivum), rapeseed 

(Brassica napus), field pea (Pisum sativum) and sunflower (Helianthus annuus) (Grunwald et al., 

2016).  

Presently, vegetation composition differs clearly from the potential natural vegetation due to intense 

agricultural pressure by cultivation and grazing areas (Meinel, 2002; Franz, 1973). On the rare natural 

areas in the typical steppe, as well as on pastures, long grass steppe species like dwarf feather grass 

(Stipa capillata), Volga fescue (Festuca valesiaca), European feather grass (Stipa pennata) and prairie 

sagewort (Artemisia frigida) are dominant. Here, additionally, scattered tree groups, mostly 

consisting of Siberian Birches (Betula sibirica) exist. In dry steppe, Volga fescue (Festuca valesiaca), 

crested wheatgrass (Agropyron pectinatum), mammoth wildrye (Leymus racemosus) and prairie 

Junegrass (Koeleria cristata) are dominant. 

Field sampling  

Sampling sites for carbon and bulk density measurements were selected by land use and soil type 

across the entire study area (see Fig. 1) by adopting a paired plot approach. Soil samples under the 

land-use class ´herbaceous´ were taken at natural steppe sites that are rarely used as extensive 

pastures. As described by Ingram et al. (2008) and Lu et al. (2015) extensive grazing has no significant 

effect on subsoil carbon stocks. Thus, these sites represent the reference soil conditions before the 

transformation to agricultural land. Interviews with farmers were used to fulfill the preconditions 

that no land-use changes occurred for at least 50 years, apart from one-time plowing during the so 

called ´virgin land campaign´. Altogether 122 samples, taken during the field surveys from 2012 to 

2014, were used to determine SOC. In addition, 62 samples were taken at cropland with different 

tillage intensities, 36 samples at herbaceous areas. Additionally, 20 samples were taken at 

uncultivated or pastured salty soils and four in woody areas. Commonly, the paired plots were 

situated directly adjacent. Due to the large-size fields the distance of the paired sampled plots might 

extended some few 100 m. Then, hand auger analyses were used to secure comparable soil 

conditions. The topsoil was sampled at the depths of 15 cm and 30 cm representing the A-horizon. 
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Soil samples for bulk density analysis were taken with a 100 cm³ core cutter. Additionally, satellite 

samples were taken continuously at the same depths. Samples were stored in air-tight plastic bags.  

Sample preparation and laboratory analyzes 

Samples taken with core cutter were dried at 105 °C and then weighted to determine the total dry 

mass. By dividing the total dry mass by the respective defined sampled volume, the bulk density was 

calculated and expressed in g/cm³. Samples for SOC-determination were dried at 40 °C. 

Subsequently aggregates were crushed gently and samples were sieved through 2 mm. The fine soil 

samples were cleared manually from visible roots and stones and then grinded for dry combustion. 

To remove soil inorganic carbon, partly present as carbonates, the samples were fumigated with 12 

M hydrochloric acid in a desiccator (Ramnarine et al., 2011). The SOC content was then determined 

by the dry combustion method using the Elementar vario MICRO cube C/N Analyzer (Elementar 

Analysensysteme GmbH, Hanau, Germany). 

In order to assure the usability of the humus and carbon data from Russian maps and literature, 

additionally, 65 of the samples were randomly chosen and analyzed using the wet oxidation method 

after Tyurin (Heczko et al., 2011). Only little overestimation of the SOC content could be detected by 

the wet oxidation method (see Heczko et al., 2011). The average ratio of the dry combustion method 

and the Tyurin method is 0.98 ± 0.41. Thus, due to the ratio hereafter cited carbon or humus values 

derived from different methods were treated equally. Despite, we needed to compare results from 

different methods, producing high standard deviation (see Heczko et al., 2011). 

Balancing changes in SOC pools was performed using initial conditions (basis variant) as defined in 

Kovda & Rozanov (1988) and Stolbovoi (2000). Loss rates were then calculated with the hypothesis 

based on Kalinina et al. (2011), Poeplau et al. (2011); Bruun et al. (2015); Mikhailova et al. (2000), 

that SOC loss takes place transforming natural steppe to cropland. SOC stocks were then calculated 

as: 
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SOC stock (Mg ha-1) = depth (cm) × bulk density (g cm-3) × SOC concentration (%). 

The depth used for the calculation is 30 cm. Hence, our samples taken at 15 cm and 30 cm depths 

were applicable. If humus (SOM) values had to be converted to SOC values, the factor 1.72 was used 

according to Jahn et al. (2006). 

Land-use Classification 

Generating the land-use classification (LUC), a mixture of land-cover and land-use classes is 

unavoidable due to their mixed occurrence in the study site (Di Gregorio, 2005). The six general land-

use classes cropland, herbaceous, salt/sediment, woody, settlements and water were selected for 

study site classification. For the subsequent analysis, water bodies and settlements were omitted.  

An object-based approach was developed and implemented within eCognition Software to classify 

Landsat 1/2 data of summer 1975 and 1976. For each land-use class, training samples were manually 

selected (supervised classification). Settlements were classified using the settlement polygon layer of 

a topographic map published in the mid-1980s (GUGK, 1987). For the training samples, box plots 

were analyzed to examine the separability of the land-use/land-cover (LULC) classes. Using 

thresholds for band values, spectral ratios and indices, and form-based properties, the land-use 

classes were assigned to the image segments. To reduce misclassifications, some segments were 

reclassified using neighborhood criteria (e.g., relative border to surrounding classes, enclosed by a 

certain class) or area limitations. A final validation using stratified random sampling confirmed overall 

accuracies of over 90 % for each LULC map. 

Moreover, a complete multi-seasonal dataset was created using a Landsat 8 mosaic from summer 

2013, as well as RapidEye images from the beginning of May 2014, the start of the vegetation period. 

Both mosaics were interpreted together to achieve better classification accuracy. A mask for 

settlement areas was manually digitized. A separability analysis was performed based on training 

samples composed of field campaign GPS points with LULC information from July 2013, as well as 

additional visually classified points from Google Earth for under-represented classes. An object-based 
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approach was developed using different segmentation algorithms (i.e., multi-resolution 

segmentation, spectral difference segmentation, and chessboard segmentation). A final validation 

with stratified random sampling points reached an overall accuracy of 95 %. 

 

Up-scaling of the local findings and balancing SOC 

Land-use classifications of two different periods of agricultural intensities combined with associated 

soil maps were used to balance topsoil organic carbon (SOC) pools. The first data set is from a phase 

of political induced intensification of the agriculture in the Soviet era, where the second data set is 

recent data from 2013/2014, the post-Soviet era. A version calculated with soil data that is detailed 

as much as possible (KGKR, 1992) is compared to a version calculated with FAO soil data (FAO, 2007) 

which is commonly used for modeling (Shangguan et al., 2014; Batjes, 1996).  

Different soil maps that represent the two eras under investigation were used to calculate carbon 

stocks . Most detailed spatial soil information is available on Russian soil maps 1:200,000 (KGKR, 

1992) for the Mikhaylovski District (test area 1 - dry steppe) and for the Mamontovski District (test 

area 2 - typical steppe) for a period of intense agricultural usage in the 1980s. The maps had been 

digitized, and the included soil types were translated from the Russian taxonomy into WRB taxonomy 

(Jahn et al., 2006; IUSS Working Group, 2006) according to Kovda & Rozanov (1988) and Stolbovoi 

(2000).  

Current conditions were calculated using the FAO Digital Soil Map of the World in the version 3.6 

(2007). To compare the FAO data to the Russian data, the respective maps were clipped to the same 

test areas. Moreover, FAO data was cut to the distinct eco-regions dry steppe and typical steppe as 

well (FAO, 2007; Atlas Altai Krai, 1986; Figure 2). 

The derived soil maps were then merged with the related land-use classification. The consequently 

generated polygons were filled with humus (SOM) data according to Stolbovoi (2000) and Kovda & 

Rozanov (1988) (Table 1). Kovda & Rozanov (1988) as well as Stolbovoi (2000) depict a range of the 
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humus (SOM) content with minimum and maximum values for each soil type. Hence, to every 

derived polygon we added these two humus (SOM) values.  

The result of the validation of LULC classification after manual reclassification using stratified 

sampling is shown in Table 2. Due to the realized land-use classifications on district and regional scale 

with two different approaches and the different maps we used, altogether eight merged soil and 

land-use mosaics have been created (Table 3).  

 

RESULTS AND DISCUSSION 

Land-use classification and land-cover change 

The investigated regions in the typical steppe and dry steppe differ considerably in the distribution of 

the analyzed land-use classes (Table 4). At test site 1 in the dry steppe, three major land-use classes 

cover roughly similar areas. Cropland covers the main part of the area with about 33.3 % in 

1975/1976 where it was 32.5 % during 2013/2014. Woody areas decreased from 29.4 % in 

1975/1976 to 24.1 % in 2013/2014 where herbaceous land increased from 28.7 % in 1975/1976 to 

34.1 % in 2013/2014. Likewise, the classes “Water”, “Salt” and “Settlements” show a cumulated 

expanse of 8.6 % in 1975/1976 increasing slightly to 9.2 % in 2013/2014.  However, these three 

classes are of minor impact for further analysis.  

The test site 2 in the typical steppe is more distinctly dominated by agricultural areas. About 58.3 % 

in 1975/1976 and 56.6 % in 2013/2014 are classified as cropland. Herbaceous areas, occasionally 

used as pastures, cover 23.6 % in 1975/1976 and 22.4 % in 2013/2014. Woody areas cover 10.6 % in 

1975/1976 where it was 13.8 % in 2013/2014. The classes “Water”, “Salt” and “Settlements” occupy 

7.4 % in 1975/1976 and 7.2 % in 2013/2014 in total.  

In the typical steppe (test area 2) changes in the classes “Water”, “Salt” and “Settlements” were 

below 1 % each. The area of the class “Woody” increased the most with 3.2 %, while the classes 
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“Herbaceous” (-1.2 %) and “Cropland” (-1.7 %) taken together decreased to a similar extent. These 

changes mainly result from improved sensor technology with higher spatial resolution and the 

improved algorithm. Narrow shelterbelts, with a width below spatial sensor resolution, are detected 

with higher accuracy in the scenes from 2013/2014. This explanation is also backed by the fact that 

exactly these shelterbelts (width less than 50 m) are protecting the adjacent, decreased classes 

“Cropland” and “Herbaceous”.  

The LULC changes in dry steppe (test region 1) occur in a similar dimension. Areas covered by water, 

salt, settlements or cropland differ less than 1 % in the analyzed scenes. Due to a higher availability 

of timber in this test region, deforestation leads to losses in the class “Woody” of 5.3 %, where 

herbaceous land is left behind (+ 5.4 %).  

With respect to the investigated time period of almost 40 years between the analyzed scenes, only 

minor land-use changes occurred in the observed test areas. The differences in the spatial 

distribution of the LU classes between the investigated dates in 1975/1976 and 2013/2014 are only 

moderate. Other studies show severe land use changes due to political uncertainties in the 1990s, 

especially in the European part of Russia (Schierhorn et al., 2013) but also in the western Siberian 

grain belt (Kühling et al., 2015; Kurganova et al., 2014). There, up to 39% of agricultural land was left 

abandoned between 1990 and 2013 (Schierhorn et al., 2013; Kühling et al., 2015). At our test sites 

the collapsed farms were taken under new ownership directly after the political turnover. Thus, we 

observed only slight changes in the distribution of the cropland area. In the investigated region a 

moderate intensification in the agricultural sector was intended by the local government (План 

реализации стратегии социально-экономического развития Алтайского края до 2025). 

Hence, changes in the area efficiency can be expected (Prishchepov et al., 2013; Kühling et al., 2015).   

Land-use effects on soil properties 

Bulk density of the investigated Kastanozems and Chernozems does not distinctly differ related to 

land use. At cropland the mean bulk density is determined to be 1.24 ± 0.24 g/cm³ where herbaceous 
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land shows bulk densities of 1.23 ± 0.26 g/cm³. Tillage induced changes in horizonation could not be 

proved due to an intense interaction of plowing, wind erosion and soil compaction with heavy 

agricultural machinery (Meinel, 2002). Accordingly, mass correction as described in Ellert & Bettany 

(1995) was not calculated.  

According to site specific land-use history (see Meinel, 2002), agricultural areas were established by 

converting natural steppes to cropland. Hence, SOC concentrations were considerably different 

comparing cropland with herbaceous land. For Chernozem topsoils (0 - 30 cm) used as cropland, an 

average SOC content of 1.57 ± 0.6 % was determined. For adjacent soils used for pasture, according 

to the land-use class “Herbaceous”, an average SOC content of 2.05 ± 0.62 % was measured. 

Consequently, a decrease in SOC of 23.3 % was determined for cropland on Chernozem soils. Our 

measured values are situated at the lower end of the humus potential for Russian Chernozems 

described in Kovda & Rozanov (1988) and Stolbovoi (2000). Thus, the real SOC pool is aligned to the 

calculated minimum variant calculated with the minimum values taken from Kovda & Rozanov (1988) 

and Stolbovoi (2000). 

For Kastanozem topsoils used as cropland, an average SOC content of 1.53 ± 0.35 % was determined. 

And for adjacent Kastanozem soils of the land-use class “Herbaceous”, an average SOC content of 

1.78 ± 0.43 % was measured. Thus, here the land-use change led to a loss of 13.9 % SOC. 

 Many studies have analyzed land-use impacts on carbon pools in different ways, where results show 

huge heterogeneity (Rusalimova et al., 2006; Poeplau et al., 2011; Kalinina et al., 2011; Mikhailova et 

al., 2000). Pessimistic approaches show SOC losses with up to 43% (Mikhailova et al., 2000), or even 

64% (Mikhailova & Post, 2006, Kalinina et al., 2011), where the adjusted variant is more or less in line 

with optimistic studies with losses less than 20% (Rusalimova et al., 2006). With respect to the large 

areas covered by Chernozems (FAO 2007) and consequently the large range in humus content (Kovda 

& Rozanov, 1988), these differences in the results are comprehensible. As our study area is situated 

at the eastern edge of the Chernozem belt, low initial SOC stocks can be found, which is also 
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connected to the transition into the Kastanozem zone. Other studies have shown that soils with 

unfavorable natural conditions are even more sensitive to negative impacts than those with good 

buffer functions (see Safaei et al., 2019).  

Land-use corrected quantification of SOC-stocks   

Changes in SOC content due to agricultural land use were implemented in the land-use mosaic. First 

SOC stocks were calculated for the mosaic of Mikhaylovski District (test area 1) in dry steppe with soil 

information of the 1980s (KGKR, 1992) and land-use information derived from Landsat 1 data 

(1975/1976). Each mapping unit of land use assigned with information from Kovda & Rozanov (1988) 

as well as Stolbovoi (2000) was used as the initial state for the SOC stock (Basic Variant – no land-use 

change, Table 1 & Table 5). With no land-use change a minimum SOC-stock of 48.6 Mg/ha and a 

maximum of 79.6 Mg/ha were calculated. The adjusted variant, with SOC losses at cropland, showed 

a minimum SOC pool of 46.3 Mg/ha and a maximum value of 75.3 Mg/ha. 

The mosaic for Mamontovski District (test site 2) with the same basic data reveals a minimum SOC 

pool of 101.9 Mg/ha and a maximum of 197.5 Mg/ha in the basic variant. The present study depicts a 

minimum SOC pool of 87.2 Mg/ha and a maximum of 167.5 Mg/ha with included SOC loss due to 

land-use change. 

At test site 1, the same land-use classification combined with the FAO Soil Map of the World (2007) 

led to a basic minimum SOC pool of 67.8 Mg/ha and a maximum SOC pool of 125.5 Mg/ha. The 

adjusted variant results derive a minimum SOC pool of 63.1 Mg/ha and a maximum SOC pool of 

116.6 Mg/ha, where SOC loss on cropland is included. 

Regarding this second approach, the minimum SOC pool with basic version at test site 2 was 

calculated as 98.4 Mg/ha against a maximum value of 201.6 Mg/ha. The adjusted variant derived a 

minimum SOC pool of 84.3 Mg/ha to a maximum of 171.0 Mg/ha. 

For the current state the combined land-use classification of RapidEye and Landsat 8 data were 

merged with FAO Soil Map of the World (2007). Here, the basic literature version shows a minimum 
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SOC pool of 67.7 Mg/ha for test site 1. The maximum value was calculated as 125.5 Mg/ha. For this 

mosaic, the adjusted variant showed a minimum SOC pool of 63.0 Mg/ha against a maximum SOC 

pool of 116.6 Mg/ha. 

Results for test site 2 with input after Kovda & Rozanov (1988) showed a minimum SOC pool of 98.4 

Mg/ha and a maximum of 202.3 Mg/ha. The adjusted variant shows a minimum of 84.8 Mg/ha and a 

maximum of 172.8 Mg/ha. 

As for biome scale, detailed soil maps are not available, subsequently, the results were scaled up to 

landscape/biome scale at dry steppe and typical steppe using FAO (2007) data combined with 

RapidEye and Landsat 8 data. The basic SOC pool in dry steppe generated with data from Kovda & 

Rozanov (1988) had a minimum of 54.1 Mg/ha and a maximum of 115.7 Mg/ha. The adjusted variant 

brought up a minimum of 49.6 Mg/ha and a maximum of 105.5 Mg/ha. In the dry steppe at test site 

1 using the FAO (2007), data led to overestimation of the landscape SOC pool compared to the most 

detailed version of the mid-1970s.  

Results for the typical steppe show a minimum of 66.8 Mg/ha and a maximum of 132.9 Mg/ha for 

the basic version. The adjusted variant shows a minimum of 58.1 Mg/ha and a maximum of 114.9 

Mg/ha. Good results are achieved comparing the data from different time periods at regional scale. 

At biome scale the SOC pool is underestimated at the typical steppe using FAO (2007) data.  

Considerable differences occur comparing the SOC pools generated by different data sources (Table 

5). The calculated range of the SOC-stocks derived by applying different soil map resolution differs in 

the dry steppe and typical steppe. Using the same land-use classification generated by Landsat 1/2 

data and soil data from either KGKR (1992) or FAO (2007), we calculated differences in the dry steppe 

test region SOC pool of up to 59.7 %. Thus, large differences occur due to map scale. The coarse soil 

map levels heterogeneities that are of importance for the balance. This is linked to the low initial 

SOC-content of the regional soils and the effect of intense agriculture in a very sensitive ecosystem.  

In typical steppe regions, there are minor disparities with a maximum of 5 % difference. Comparing 

the balance of the two different land-use classifications using first the KGKR (1992) and second the 
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FAO (2007), we calculated a maximum difference in SOC stocks of 0.9 % in dry steppe as well as in 

the typical steppe. Within the respective test areas, the SOC loss rates do not differ distinctly as they 

are linked to the land use. The area of cropland stays almost the same, thus changes in the SOC pools 

are dependent on the soil data base with distinct spatial distribution of the soil types. 

Depending on soil database, land-use classification type and date, SOC loss rates differ from -4.8 % to 

-7.1 % at test site 1 in dry steppe (Table 5). In the typical steppe, test area 2 shows an SOC loss from -

13.9 % to -15.2 %. The up-scaled data to biome scale of the dry steppe shows SOC losses of -8.3 % to 

-8.8 % and at the typical steppe the SOC loss rate is from -13.0 % to -13.6 %.  

CONCLUSIONS 

The main goal of this study was to exhibit differences, produced due to different data base on an 

example of SOC-stocks in Southwestern Siberia at dates with different land-use intensities and 

different map scale accuracies. Contrary to widely studied post-Soviet land abandonments, our test 

area shows a slight intensification of the agricultural areas to sustain grain production. In the 

investigated time frame, spatially, only moderate land-use changes occurred. Changes in SOC-stocks 

occur due to land-use change. Agricultural usage leads to SOC-losses, where abandonments can 

recreate the SOC-sink function of soils. Here, the steppe biome is also characterized by large areas 

that are not affected by land-use change induced SOC loss.  

When balancing at landscape level, lost heterogeneities outbalance the losses of SOC at cropping 

areas. Hence, the relative SOC loss at landscape level is distinctly lower than local case studies have 

shown. Calculation results with different accuracy in the data base showed that coarse resolution 

leads to overestimation in SOC stocks in dry steppe and underestimation in the typical steppe. 

Steppe biomes are not homogeneous areas with fertile soils. Thus, generalization leads to immense 

errors in nutrient balances. In this study carbon pools estimated by the most detailed database are 

significantly lower than in coarse resolution. However, the results of the calculations in this study are 

based on the assumption that the land use classification corresponds to the truth. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

16 
 

For detailed analysis, for example estimating carbon sequestration potential, land-use change needs 

to be linked to changes in land-use intensities, such as tilling intensities, in further studies. Our 

findings show the necessity of regional or local studies to develop appropriate local sustainable 

development strategies. 
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Figures and Tables 

Figure 1 - Study Area with test districts and sampling plots; 1 - Mikhaylovski District, dry steppe 

(yellowish); 2 - Mamontovski District, typical steppe (light green); 3 – local salt accumulation in sinks 
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Figure 2 – Process chart of the implementation of soil maps (1 : 200,000 – KGKR, 1992; 1 : 5,000,000 

– FAO, 2007) and soil data as well as land-use classifications on regional (district) scale  
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Table 1 – Spatial distribution of soil types at specific test areas generated from different soil maps 

with appropriate minimum and maximum humus data (Russian map taxonomy translated and edited 

after Kovda & Rozanov 1988; Stolbovoi 2000) 

Mikhaylovski District - Study Area 1 - Soil Type after WRB (IUSS Working Group 2006) 

KGKR 1992 Area (%) 
Humus 
Content (%) FAO 2007 Area (%) 

Humus 
Content (%) 

haplic Kastanozem 15.1 2 - 5,5 haplic Kastanozem 46.1 2 - 5,5 

luvic Kastanozem 41.8 1,5 - 2 calcic Chernozem 10.6 3 - 6 

haplic Albeluvisol 21.4 5 - 7 orthic Solonetz 3.2 1,5 -3 

haplic Solonetz 14.4 1,5 - 3 Podzoluvisol 40.1 5 - 7 

mollic Solonchak 6.1 1,5 - 3 
   

      Momontovski District - Study Area 2 - Soil Type after WRB (IUSS Working Group 2006) 

KGKR 1992 Area (%) 
Humus 
Content (%) FAO 2007 Area (%) 

Humus 
Content (%) 

calcic Chernozem 11.9 3 - 6 haplic Chernozem 55.5 5 - 12 

gleyic Chernozem 21.0 6 - 8 calcic Chernozem 12.3 3 - 6 

haplic Chernozem 15.7 5 -12 Podzoluvisol 32.1 5 -7 

luvic Chernozem 32.0 5 -12 
   haplic Albeluvisol 2.1 5 - 7 
   haplic Luvisol 4.2 3 - 4 
   mollic Gleysol 0.4 5 - 6 
   salic Gleysol 8.9 5 - 6 
   

      Dry Steppe     Typical Steppe     

FAO 2007 Area (%) 
Humus 
Content (%) FAO 2007 Area (%) 

Humus 
Content (%) 

calcic Chernozem 12.5 3 - 6 calcic Chernozem 45.9 3 - 6 

haplic Kastanozem 59.5 2 - 5,5 haplic Chernozem 11.1 5 - 12 

mollic Solonetz 4.7 1,5 - 3 haplic Kastanozem 14.5 2 - 5,5 

orthic Solonetz 5.3 1,5 - 3 mollic Solonetz 10.1 1,5 - 3 

Podzoluvisol 18.0 5 - 7 orthic Solonetz 1.6 1,5 - 3 

   
Podzoluvisol 16.7 5 - 7 

 

  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

27 
 

Table 2 – Validation of LULC classifications after manual reclassification using stratified random 

sampling for the 2013/2014 (a) and 1975/76 (b) period 

a) May 2014 (RE) & June/August 2013 (LS8) 
    

 

 Reference Data 
  

  LULC Water Salt Woody Cropland Herbaceous Settlements Total 
User 
Acc. 

C
la

ss
if

ie
d

 D
at

a 

Water 63 0 0 0 0 1 64 0.98 

Salt 0 36 0 0 4 1 41 0.88 

Woody 1 0 79 1 1 1 83 0.95 

Cropland 0 0 1 159 1 0 161 0.99 

Herbaceous 0 3 3 7 97 2 112 0.87 

Settlement 0 0 0 0 0 51 51 1.00 

Total 64 39 83 167 103 56 512 
 

 

Prod. Acc. 0.98 0.92 0.95 0.95 0.94 0.91 
 

0.95 

 
Cohen´s Kappa 512 485 53863 0.93 Kappa 

   

          b) Landsat 1/2 Summer 1975/1976 

    

 

   Reference Data 
  

  LULC Water Salt Woody Cropland Herbaceous Settlements Total 
User 
Acc. 

 
Water 40 0 0 1 1 0 42 0.95 

C
la

ss
if

ie
d

 D
at

a 

Salt 0 32 1 1 6 0 40 0.80 

Woody 0 0 62 18 5 0 85 0.73 

Cropland 0 0 4 141 4 0 149 0.95 

Herbaceous 0 1 6 50 67 2 126 0.53 

Settlement 0 0 0 4 5 28 37 0.76 

Total 40 33 73 215 88 30 479 
 

 

Prod. Acc. 1.00 0.97 0.85 0.66 0.76 0.93 
 

0.77 

 
Cohen´s Kappa 479 370 53438 0.70 Kappa 
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Table 3 – Combination of soil and land-use classification data as basis for SOC-pool calculation 

 

Mikhaylovski Raion 
Test Area 1 

 

Mamontvski Raion 
Test Area 2 

 
Dry Steppe Typical Steppe 

Land Use Data  
Landsat 1/2;  
1975/1976 

Landsat 1/2;  
1975/1976 

Landsat 8; 
RapidEye 
2013/2014 

Landsat 1/2 
 1975/1976 

Landsat 1/2 
 1975/1976 

Landsat 8; 
RapidEye 
2013/2014 

Landsat 8; 
RapidEye 
2013/2014 

Landsat 8; 
RapidEye 
2013/2014 

Soil Data KGKR 1992 FAO 2007 FAO 2007 KGKR 1992 FAO 2007 FAO 2007 FAO 2007 FAO 2007 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

29 
 

Table 4 – Land-use classes definition and relative spatial distribution 

 

Land Use Class Description Area (%) 
     

    
Test site 1 
1975/1976 

Test Site 1 
2013/2014 

Test Site 2 
1975/1976 

Test Site 2 
2013/2014 

Dry 
Steppe 
2013/2014 

Typical 
Steppe 
2013/2014 

Cropland 

Ploughed fields with or  
without crops, 
fallow land 33 33 58 57 53 55 

Herbaceous 

Meadow, range  
land, steppe, 
deforested areas 29 34 24 22 23 23 

Salt/Sediment 

Bright areas caused  
by salinization 
or sediment deposit 6 6 1 1 3 2 

Woody 
Forest, groves, 
shelterbelts 30 24 11 14 16 12 

Settlements 
Cities, villages,  
some major streets 1 1 3 2 2 2 

Water 
Lakes, rivers, flooding,  
ponds, pools, swamps 1 2 3 4 3 6 
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Table 5 – Land use corrected SOC pools in basic variant (minimum and maximum humus value from 

Kovda & Rozanov 1988 and Stolbovoi 2000) and the adjusted variant with SOC loss at cropland and 

land use corrected SOC loss using different calculation bases. Top: Test area 1 - Mikhaylovski District 

in dry steppe; Centre – Momontovski District in typical steppe; Bottom – Biome scale (Dry 

steppe/Typical steppe of the Altai Region, Russia) 

Method 
Land Use 1975/1976 
KGKR 1992 

Land Use 1975/1976 
FAO 2007 

Land Use 2013/2014 
FAO 2007 

 
Test Area 1   

  SOC Pool (Mg/ha) 

Basic variant (min) 48.6 67.8 67.7 

Basic variant (max) 79.6 125.5 125.5 

Adjusted variant (min) 46.3 63.1 63.0 

Adjusted variant (max) 75.3 116.6 116.6 

Minimum SOC Loss (%) -4.8 -7.0 -7.0 

Maximum SOC Loss (%) -5.4 -7.1 -7.1 

    

    

    

    

Method 
Land Use 1975/1976 
KGKR 1992 

Land Use 1975/1976 
FAO 2007 

Land Use 2013/2014 
FAO 2007 

 
Test Area 2   

  SOC Pool (Mg/ha) 
  Basic variant (min) 101.9 98.4 98.4 

Basic variant (max) 197.5 201.6 202.3 

Adjusted variant (min) 87.2 84.3 84.8 

Adjusted variant(max) 167.5 171.0 172.8 

Minimum SOC Loss (%) -14.5 -14.3 -13.9 

Maximum SOC Loss (%) -15.2 -15.2 -14.6 

    

    

    

Method 
Land Use 2013/2014 
FAO 2007   

 

 
Dry Steppe Typical Steppe 

 

 
SOC Pool (Mg/ha) 

  Basic variant (min) 54.1 66.8 
 Basic variant (max) 115.7 132.9 
 Adjusted variant (min) 49.6 58.1 
 Adjusted variant (max) 105.5 114.9 
 Minimum SOC Loss (%) -8.3 -13.0 
 Maximum SOC Loss (%) -8.8 -13.6 
  

  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

31 
 

 

Graphical abstract  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

32 
 

HIGHLIGHTS 
 
- Different methods for quantifying soil organic carbon on regional scale are tested 
 
- Older, rare, high resolution data is compared to recent, common, coarse resolution 
data to estimate carbon pools at regional and landscape scale 
 
-  Agricultural use led to a mean carbon loss of 23.3 % for Chernozems soils and 13.9 % for 
Kastanozems 
 
- Contrary to other studied regions in Russia, land-use classification shows only moderate post-soviet 
land-use changes  
 
- General approaches provide significantly varying results to local, high resolution analyses 
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