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Steppes are of great importance for the global biogeochemical cycle and are characterized by high 
economic value. Carbon stocks in the soil of flat steppe landscapes are about one-fourth of the total 
carbon deposited in global soils. However, improper methods of pasture management, especially 
overgrazing, have a serious negative impact on the structure and functioning of steppes. The aim of 
this study is to analyze carbon accumulation in virgin and secondary meadow steppes in the Bashkir 
Cis-Urals (Russia) depending on various methods of agricultural use. The data were collected on 10 
sample plots laid on cropland, as well as in secondary and virgin meadow steppes. It was found that 
secondary meadow steppes on fallow lands abandoned for about 20–45 years are close to virgin 
steppes in terms of the dominant species composition but differ by low floristic diversity, a different 
proportion of steppe specialist species and lower root phytomass (60–100% lower than in the virgin 
steppe). The phytomass of all fractions of plant matter was the highest in virgin steppe. Under 
moderate agricultural use (occasional and moderate haymaking or grazing), the succession goes 
towards the restoration of steppe community structure and soil organic carbon content. Intensive 
grazing slows down the restorative succession and reduces the organic carbon content in the soil. 
Compared with the meadow steppes located at the foot and the lower part of the hill, the steppes of 
upper and middle parts of the same slope have a high stock of above-ground phytomass but contain 
less carbon in the soil due to water erosion.
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Steppes are a zonal vegetation type of Eurasia located in Central and Eastern Europe, in the south of Western 
Siberia, in Central Asia and mountainous regions. The steppe biome is of great importance for the global 
biogeochemical cycle and hosting biodiversity, and it is characterized by high economic value and anthropogenic 
development1,2. Steppe vegetation is formed mainly by perennial grasses with a strong root system. A share 
of roots can reach 87% of the total biomass and 60–80% of the carbon contained in the phytomass of steppe 
communities3,4 and the share of roots in the total biomass largely determines the soil-forming effect of steppe 
communities5. Steppes account for about 27% of the total land area, and carbon sequestration in these ecosystems 
play a significant role in the global carbon cycle6,7.

The most fertile soil types of Eurasia – chernozems and kastanozems – were formed in steppe ecosystems. 
However, improper methods of pasture management, especially overgrazing, have had a serious negative impact 
on the structure and functioning of these ecosystems8–10. Currently, about 50% of the world’s natural pasture 
land has been degraded10,11.

Pasture degradation and changes in land use due to overgrazing alter the composition and structure of steppe 
plant communities12,13 reduce species diversity and primary productivity14, as well as soil organic carbon and 
nutrient availability8. Thus, grazing intensity has the potential to alter soil structure, function and organic carbon 
storage capacity and can significantly alter pasture carbon stocks15,16. In this article, secondary (restored) steppes 
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are understood as a post-agrogenic successional steppe ecosystems that are restored on abandoned arable lands 
(usually, over 20 years or more) and in which grass species typical of regional virgin steppes dominate17.

As soil organic carbon (SOC; or soil Corg) has a major influence on soil physical structure and a range of 
ecosystem services (e.g., nutrient retention, water storage, pollutant attenuation), its reduction could lead to 
reduced soil fertility and consequently, land degradation15,18. An analysis of pools of organic carbon in different 
types of soils in Russia showed, that the steppe soils have the maximum carbon stocks (150–180, sometimes 
up to 210 t/ha) accumulated in the mineral strata of the most humus-rich varieties of chernozems19. In the 
Southern Area of the East European Plain, the steppe Chernozems even 145 years ago had a SOC content of up 
to 4%, then the Chernozems in the forest-steppe zone, which used to have habitats with a SOC content of 4–7%, 
occupied the largest areas, and have now lost 30–40% of the original values in the 0–50 cm layer due to the 
human impact20. These effects may also be amplified if the rate of SOC loss increases due to climate change16,21, 
and thereby reducing the function of steppes as greenhouse gas (GHG) sinks22. As a consequence, grassland 
soils could become a source rather than a sink for GHG emissions16,23–25. In general, these effects are common 
to all climatic and geo-graphical zones, although the extent to which grazing affects SOC depends on climate16. 
Negative management effects decrease with increasing mean annual temperature and mean annual precipitation 
in the temperate zone26.

A considerable part of Russian steppes is occupied by agricultural lands, while natural virgin steppes have 
been preserved in relatively small areas, mainly with rugged terrain, poor soils and low aridity index values2. 
The total area of natural steppe ecosystems in Russia is estimated at 200,000 km2, comprising less than 12% of 
the total steppe-covered areas of country. In the last decade of the 20 th century, significant areas of Russian 
arable land were withdrawn from agricultural activities. Under favorable conditions, it took 15–30 years to 
restore steppe ecosystems close to virgin steppes that existed before plowing. When restoring steppe vegetation, 
the amount of organic matter supplied into the soil increased, and the natural physicochemical properties and 
microbiological characteristics of soils were gradually restored27. In particular, soil horizons of fallow lands 
demonstrate the changes in their structure, density, air-and-water and hydrothermal regimes, and the increase 
in contents of carbon and mineral nutrients for plants10,27,28.

In the Republic of Bashkortostan, virgin and secondary meadow steppes are widespread in the forest-steppe 
and steppe zones, however, the carbon storage in these ecosystems has not been sufficiently studied. In the study 
area, vegetation productivity and carbon stock were studied only in one meadow steppe area, located on fallow 
land abandoned about 20 years ago29 The aim of this study is to analyze carbon accumulation in virgin and 
secondary meadow steppes in the Bashkir Cis-Urals depending on various methods of agricultural use and the 
position in the relief.

Materials and methods
Site description
The study area is located in the forest-steppe and steppe zones of the southern (Bashkir) Cis-Urals and partially 
includes two landscape regions: the Bugulma-Belebeevskaya Upland and the Pribelskaya Plain. The relief is a 
gently hilly plain. The region is densely populated, and the vegetation cover is human-modified. Zonal forest 
vegetation is represented by small forest areas dominated by oak (Quercus robur L.), linden (Tilia cordata Mill.) 
and birch (Betula pendula Roth), which are found mainly on hillsides. The native steppe vegetation is represented 
mainly by meadow steppes, most of which were plowed and used for agriculture in the past. Small fragments of 
undisturbed virgin steppe have survived only in areas inconvenient for plowing, mainly on steep hillsides. At 
the end of the 20 th century, as a result of economic reforms in Russia, the intensity of livestock grazing and the 
use of arable land decreased, and many croplands in the study area were abandoned and over time turned into 
secondary (restored) steppe.

Based on morphological properties, the soil cover of the study area is presented by chernozems30, with a 
“medium” thickness of humus-accumulative horizons (40–60 cm) and a sandy loam texture of the topsoil.

The sample plots are located in the “Asly-Kul” Nature Park with an area of 47,500 ha, which was created in 
1993 to protect the landscape complex of Aslykul Lake (23.5 km²), the largest in the Republic of Bashkortostan 
(Fig. 1).

The climate of the study area is continental, with insufficient moisture. The average annual temperature is 
+ 3.3 °C; the average January temperature is − 14.2 °C; July is + 20 °C; the average depth of soil freezing by the 
end of winter is up to 90–130 cm. The average annual precipitation is 400 mm, the frost-free period lasts 125 
days, and the vegetation period is 170 days. The melting of snow cover on leveled areas is observed in late March 
– early April.

In 2023–2024, weather conditions during the growing season varied significantly. Compared with the average 
long-term weather conditions for the Republic of Bashkortostan, 2023 was slightly dry, and 2024 was abnormally 
wet (Table 1). The air temperature in June, during the period of intensive plant growth, was slightly higher in 
2024 than long-term observations.

Description of sample plots
In 2023–2024, 10 sample plots (SP) were laid: one on cropland (SP 1), four (SPs 2–5) in restored steppe, and five 
(SPs 6–10) in virgin steppe (Fig. 2). The characteristics of the sites where the sample plots were established are 
given in Table 2.

The sites with SPs 2–5 were previously plowed, and secondary steppe communities began to restore on them 
due to the process of natural regeneration of vegetation after the withdrawal of agricultural lands from the crop 
rotation. Within SPs 2–6, the square site sized 100 m2 were selected to study in detail composition and structure 
of the plant community. SPs 6–10 are located on steep slopes. SPs 7–10 were laid out in the foot, lower, middle 
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and upper parts of the slope with a length of 150 m, to analyze the relationship between the stock of plant matter 
in steppe communities and the relief, which affects the moisture supply of the soil.

In the sample plots, agricultural use methods have differed during recent decades. SP 2 was influenced by 
episodic haymaking: the hay is mown on it in years with wet summers and not mown in years with dry summers. 
The sites with SPs 3–10 were subject to grazing pressure of varying intensity (Table 2).

Estimation of the biomass of herbaceous plants and Mortmass
To analyze the productivity of above-ground phytomass of herbaceous plants during the period of their 
maximum development (at the end of June), we randomly set 20–25 square plots sized 50 × 50 cm on each of 
the sample plots. Within each square sample plot, the above-ground parts of herbaceous plants were cut, and the 
dead biomass was sampled. The dead biomass included both plant litter (dead decomposing plants) and dead 
parts of herbs that have not yet lost their connection with living plants. All samples were dried to an air-dry state 
and weighed with an accuracy of 0.01 g.

Estimation of root phytomass
The root phytomass was estimated using the soil core method31. For this purpose, one core with a diameter of 
5 cm was taken at each site in the 0–30 cm soil layer. Before analysis, soil and non-organic material were carefully 
washed away from roots by running tap water and were then manually separated from organic debris. All root 
samples were oven-dried at 60 ºC to a constant mass, and their weights were measured using analytical scales 
(VLTE-150, Gosmeter, Russia) with an accuracy of 0.001 g.

Precipitation, mm Temperature, ºC

Months 2023 2024 Average for 2019–2024 2023 2024 Average for 2019–2024

March 17.4 22.9 26.7 0.6 –4.6 –3.9

April 6.7 33.4 21.8 9.3 11.9 8.9

May 29.1 6.5 21.0 16.5 11.0 14.3

June 28.7 100.7 54.2 17.5 20.9 18.9

July 22.4 85.4 41.2 22.4 20.5 21.7

Table 1. Monthly average precipitation and temperature in the periods preceding the start of the research.

 

Fig. 1. Location of the study area in the Republic of Bashkortostan. The sample plots are marked in yellow 
color.
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Fig. 2. Investigated steppe communities: a – the secondary steppe with occasional haymaking (SP 2); b – the 
secondary steppe with moderate grazing (SP 3); c – the secondary steppe with heavy grazing (SP 4). d – virgin 
steppe with occasional grazing (SP 6). Position of the sample plots on the slope: e – foot (SP 7); f – lower part 
(SP 8); g – middle part (SP 9); h – upper part (SP 10).
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Analysis of the carbon content of the samples
Samples of live and dead biomass were ground with Vilitek cutting mills (VLM series) to a particle size of less 
than 0.5 mm. The finest parts of the roots were ground to a powder in porcelain mortars with liquid nitrogen. The 
carbon content in the samples was determined using a CHNS EA-3100 elemental analyzer (Eurovector, Pavia, 
Italy) in the Laboratory of Physical and Chemical Methods of Analysis (PCMA) at the Ufa Institute of Chemistry 
of UFRC RAS. The calculations of the quantitative content were provided by a special software package Weaver.

Soil characteristic, sampling, and laboratory analysis
The soil profile pits were excavated in each plot with the following sizes: 3 m in length, 1 m in width, and to 
a depth of 0.5–0.7 m, where in most cases the illuvial horizon (B) is formed. The digging of soil profiles was 
caused by the need for soil type determination (using morphological description of each genetic horizon and 
further obtained data of agrichemical results) and sampling. Soil samples were taken from the topsoil (0–30 cm) 
layer using a small shovel. In order to increase the statistical reliability, the extra soil core samples (3 pcs within 
plot) were taken from the same depth (of 0–30 cm) using a hand sampler (JMC, Newton, MA, USA; inner 
diameter: 4.5 cm) via a stratified random scheme. The depth of soil sampling chosen corresponded to the studied 
underground phytomass layer32. Moreover, it was noted that SOC mostly presented in topsoil (0–30 cm), and in 
this layer, the largest changes in SOC content and other physicochemical properties are observed33,34.

The soil samples (~ 300 g) were collected in a plastic bag and then delivered to a laboratory. The stones and 
tree/plant roots were removed from the samples, then samples were air-dried to constant weight, ground in a 
mortar, and sieved through a 2 mm sieve for further analysis. The agrochemical properties were determined by 
standard methods35. In particular, the SOC in the soil samples was determined by the wet-combustion method 
according to Tyurin36 (direct analog of Walkley–Black method37) using a Specord M40 spectrophotometer (VEB 
Carl Zeiss, Jena, Germany). The available phosphorus (Pav) and exchangeable potassium (Kex) were extracted in 
0.5 mol L−1 CH3COOH at a 1:2.5 soil/solution ratio by Chirikov method (topsoil is non-carbonate, with neutral 
pH).

The water-physical properties measurements were performed according to Vadyunina and Korchagina38 
methodology. In particular, the structural-aggregate composition (dry sieving) was determined by using meshes 
with sizes of 10, 7, 5, 3, 1, 0.5 and 0.25 mm; the structural coefficient (Ks) as the main indicators in assessment/
quality of soil aggregate composition was estimated according to the Eq. (1):

Ks = Σ (0.25–10 mm)/Σ (> 10, < 0.25 mm) (1).
Soil aggregate stability (wet sieving) was measured with using a Baksheev device (Vibrotehnic, Saint 

Petersburg, Russia); the SAS coefficient was calculated from the Eq. (2):
Ksas = Σw/Σd, (2)
where Σw – sum of aggregates > 0.25 mm under wet sieving (water-stable aggregates), Σd – sum of aggregates 

> 0.25 mm under dry sieving.
The particle size distribution was determined by “Laska-TD” laser diffraction analyzer (BioMedSystem, Saint 

Petersburg, Russia).
The SOC stocks were calculated based on SOC content and soil bulk density, particularly using the following 

formula (3):
SOC stocks (t/ha) = SOC content (%) × L (soil layer, cm) × bulk density (g/cm3). (3)
The determination/calculation of bulk density (mass of oven-dried soil ÷ total soil volume) was made in an 

established manner38,39. For this, the undisturbed soil samples were taken from cross-sectional profiles using 
metal cylinders (10 cm height and diameter), which were hammered in every 10 cm (until 30 cm).

No. of sample plot Current use Exposure and slope steepness,º Position on the slope Year of observations

1 C – – 2023

2 OH S, 2 – 2023

3 MG – – 2023–2024

4 HG NE, 2 – 2023

5 OG – – 2023

6 OG NE, 10 MP 2023–2024

7 OG E, 12 F 2024

8 OG E, 12 LP 2024

9 OG E, 12 MP 2024

10 OG E, 12 UP 2024

Table 2. The characteristics of the areas where the sample plots were established in the “Asly-Kul” nature park. 
Current agricultural use: С – cropland, OH – occasional haymaking, OG – occasional grazing, MG – moderate 
grazing, HG – heavy grazing. Plot characteristics: R – flat plot (without inclination), S – southern exposition/
slope, NE – north-eastern slope, E – eastern slope. Position on the slope: F – foot, LP – lower part, MP – 
middle part, UP – upper part. The length of the slopes with sample plots 7–10 is 150 m.
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Results
Floristic composition
In the communities described on SPs 2, 3, 5–10, the species typical for steppes and meadows (Poa angustifolia 
L., Festuca pseudovina Hack. ex Wiesb., Stipa capillata L., Stipa pennata L., Fragaria viridis Weston, Agrimonia 
asiatica Juz., Euphorbia virgata Waldst. & Kit.) have high projective cover. Comparative syntaxonomic analysis 
showed that these communities belong to the association Poo angustifoliae-Stipetum pennatae Yamalov et al. 
2013, the order Brachypodietalia pinnati Korneck 1974 and the alliance Cirsio-Brachypodion pinnati Hadač & 
Klika in Klika & Hadač 1944, which unites the mesoxerophytic basiphilous grasslands of the subcontinental 
regions of Europe40,41. The communities of this association are widespread in various habitats of the forest-
steppe zone of the South Ural region: northern slopes and tops of small mountains and hills, as well as on flat 
interfluve. These communities have high economic value and are often used as hayfields and pastures42.

As a result of intensive grazing, the plant community dominated by Artemisia austriaca Jacq., Festuca 
pseudovina Hack. ex Wiesb. and Poa angustifolia L. was formed on SP 4. These communities can be attributed 
to the class Polygono-Artemisietea austriacae Mirkin et al. in Ishbirdin et al. 1988, which unites communities of 
low-growing xerophytic plants of the steppe zone that are resistant to trampling and grazing43.

SPs 2–5 are located on relatively flat relief elements (Table  2), so it was assumed that the differences in 
the floristic structure of communities in these plots are associated with the peculiarities of their economical 
use. Table 3 shows that the projective cover and height of the herb layer of communities in SPs 2 and 5 are 
close to SP 6. Compared with SP 6 (the permanent steppe), the floristic composition of the communities from 
restored steppes of SPs 2–5 is characterized by lower indices of species diversity and species saturation per unit 
area, the absence or a smaller proportion of species typical for regional virgin meadow steppes (for instance, 
Adonis vernalis L., Anemone sylvestris L., Dianthus versicolor Fisch. ex Link, Plantago urvillei Opiz and some 
other species were not found in SPs 2–5). These differences increase with increasing grazing pressure. Thus, in 
comparison with SPs 5 and 3, the community in SP 4 has lower rates of the number of species, the projective 
cover and the height of the herb layer.

Weeds (Artemisia austriaca Jacq., Carduus acanthoides L., Convolvulus arvensis L., etc.) and weed-meadow 
species (Verbascum lychnitis L., Salvia verticillata L., Taraxacum officinale H. Wigg., etc.) make a significant 
contribution to the floristic composition of restored steppes. In the sample plots of the gentle agricultural 
use regime (SP 2 and SP 5), the proportion of these species in the total species richness is 24.2% and 23.9%, 
respectively. In areas with higher grazing intensity, the share of weeds and weed-meadow species increases (SP 
3–31.5%, SP 4–43.6%). Thus, an increase in grazing intensity slows down the restoration succession and prevents 
the replacement of weeds by species typical of steppe vegetation. The time after the cessation of plowing (for SP 
3–26 years, and for SP 4–45 years) does not play a significant role if the recovering steppe is under intensive 
grazing.

Productivity
Analysis of phytomass stock in different fractions of plant matter revealed the differences between secondary 
and virgin steppes, as well as between sample plots with different agricultural use methods. The weight of all 
fractions of plant matter was the largest in virgin steppe (SP 6) (Table 4). In the restored steppes, the weight 
of above-ground phytomass and mortmass were the largest in SP 5 with occasional grazing and in SP 2 with 
occasional haymaking, whereas the lowest values of these indicators were in SP 4 with heavy grazing. The root 

No. of sample plot Method of agricultural use Above-ground phytomass, g/m2 Mortmass, g/m2 Root phytomass, g/m2

Secondary steppes

2 occasional haymaking 143.0 ± 1.9 175.0 ± 2.8 920.8 ± 73.3

3 moderate grazing 121.2 ± 10.1 113.1 ± 10.3 923.2 ± 58.6

4 heavy grazing 58.5 ± 6.3 20.9 ± 3.0 860.6 ± 70.3

5 occasional grazing 189.1 ± 11.3 285.3 ± 27.1 830 ± 113.3

Virgin steppe

6 occasional grazing 274.1 ± 14.6 373.9 ± 46.5 1543.7 ± 217.6

Table 4. Biomass stock in different fractions of plant matter (g/m2) in the sample plots observed in 2023.

 

No. of sample plot 2 3 4 5 6

Method of agricultural use occasional haymaking moderate grazing heavy grazing occasional grazing occasional grazing

The projective cover of the herb layer, % 60 70 40 65 60

Mean height of the herb layer, cm 25 25 15 25 30

Number of species in a sample plot 46–47 39 35 41–49 78

Recovery time after cessation of use as cropland, years 29 26 22 45 was not plowed

Table 3. Some characteristics of meadow steppe communities in the sample plots studied in 2023.
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phytomass in virgin steppe (SP 6) was at least 160 or more percent higher than in all sample plots of restored 
steppes, which do not differ too much in this indicator despite differences in recovery time and grazing intensity.

In 2024, repeated studies of the above-ground phytomass and mortmass showed that this indicator 
increased significantly in a wetter summer. Compared with the data for 2023 with a normal amount of summer 
precipitation, in 2024, the above-ground phytomass increased by 298% (from 121.2 ± 10.1 to 362.74 ± 79 g/m2) 
on SP 3 and by 193% (from 274.1 ± 14.6 to 529 ± 48.2 g/m2) on SP 6.

The study of the above-ground phytomass of communities in SPs 7–10 located in different parts of the same 
slope showed that the differences were statistically insignificant between SPs 9 and 10, as well as between SP 7 
and SP 8 (Table 5). At the same time, the above-ground phytomass at the foot and in the lower part of the slope 
(SP 7 and SP 8) was statistically significantly higher than in the communities of the middle and upper parts of 
this slope (SP 9 and SP 10). The mortmass in the upper part of the slope was lower than in other plots, which 
is probably due to the fact that dead parts of plants can be washed away by precipitation. The root phytomass 
was somewhat higher in the sample plot located at the foot of the slope, but this difference was not statistically 
significant (Table 5).

Carbon content in biomass and soil
In the sample plots studied in 2023, the carbon content in all fractions of plant matter did not differ significantly 
and seems to be did not depend on either the floristic composition of the plant communities or on differences 
in agricultural use methods. However, in SP 2 with episodic haymaking, the carbon content was slightly higher 
in the above-ground phytomass and lower in the mortmass (Table 6). In 2024, the carbon content in the roots 
was statistically higher in the sample plots located in the lower part and at the foot of the slope than in the sites 
located in the upper and middle parts of the slope.

Discussion
Compared with secondary steppe, the virgin meadow steppe of the study area is characterized by higher indices 
of species diversity and species saturation per unit area, as well as a higher proportion of species typical for 
regional meadow steppes. The proportion of weeds and weed-meadow species in the total species richness is 
only 13% in the virgin steppe, whereas in restored steppes, these species make a significant contribution – from 
23% in the sample plots of the gentle agricultural use (occasional haymaking or grazing) to 43% on the sites with 
intensive grazing. The time after the cessation of plowing does not play a significant role in the recovery of the 
composition and structure of the virgin steppe community if the secondary steppe is under intensive grazing.

Under heavy grazing, steppe plants are replaced by inedible, trampling-resistant plants, and this may lead 
to the formation of a sagebrush-grass community that is very different from the climax meadow steppe of the 
study area. In addition to mechanical damage (nibbling and trampling), heavy grazing can indirectly alter the 
composition of grass species by compacting the soil and reducing water availability39,40. This reduces above-
ground phytomass, leaf area, and light absorption44,45. At the same time, moderate grazing is favorable for the 
restoration of the original near natural steppe vegetation46.

No. of sample plot Method of agricultural use Above-ground phytomass, g/m2 Mortmass, g/m2 Root phytomass, g/m2

Secondary steppes

2 occasional haymaking 43.1 ± 0.1 36.0 ± 0.5 34.8 ± 0.6

3 moderate grazing 42.4 ± 0.1 39.3 ± 0.3 36.7 ± 0.4

4 heavy grazing 42.0 ± 0.1 40.3 ± 0.6 34.6 ± 0.4

5 occasional grazing 42.7 ± 0.1 38.9 ± 0.4 36.1 ± 0.4

Virgin steppe

6 occasional grazing 42.4 ± 0.2 38.5 ± 0.8 35.1 ± 1.0

Table 6. Carbon content of different fractions of plant matter in the slightly dry year 2023. The SOC content 
in the plots varied from 2.8 to 6.8% and according to the scale30 cover the following categories: “average” 
(2.3–3.5%), “high” (3.5–5.8%) and “very high” (> 5.8%). The phosphorus content ranged from 37.0 to 59.0 
mg/kg and belongs to “low” (21–50 mg/kg) and “average” (50–100 mg/kg) categories; the potassium content 
ranged from 84.4 to 196.8 mg/kg or considered as “very low” (< 100 mg/kg) and “low” (101–200 mg/kg) 
categories (Table 7).

 

No. of sample plot Position of the slope Above-ground phytomass, g/m2 Mortmass, g/m2 Root phytomass, g/m2

7 Foot 506.7 ± 63.6 155.9 ± 61.1 2128.7 ± 476.9

8 Lower part 510.3 ± 84.5 160.3 ± 42.6 1861.1 ± 314.9

9 Middle part 327.4 ± 37.0 187.7 ± 30.7 1985.0 ± 246.0

10 Upper part 290.7 ± 73.3 35.8 ± 13.0 1968.0 ± 263.1

Table 5. Biomass stock in different fractions of plant matter (g/m2) in the sample plots observed in 2024.
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In the restored steppes, the above-ground phytomass and mortmass were highest in the sample plots of the 
gentle agricultural use, while the lowest values for these parameters were in the intensively grazed area. The 
root phytomass of the virgin steppe community was at least 160% or higher than in the restored steppes. In 
the secondary steppes under different grazing intensities, the parameters of the root phytomass do not differ 
much. These results correspond with the data on the secondary steppes of Tuva (southeastern Siberia), where 
the root phytomass was two times lower than in virgin steppes, while the above-ground phytomass parameters 
were similar47. Since the root phytomass in the upper soil layer increases with the age of the fallow land, which 
is associated with changes in the plant community composition and improvement of mineral nutrition due to 
the decomposition of accumulating litter48, it is possible to predict a gradual increase in the root phytomass of 
the secondary steppes of the study area during succession, but it is not yet possible to estimate the time of full 
recovery.

Thus, in the study area, quite a long succession time of 29–45 years after the cessation of plowing is not 
enough for the full recovery of the overall species composition, as well as the root phytomass typical for the 
virgin steppes. These results are close to the data from other regions. For instance, secondary steppes formed 
on the 30-year-old fallows in the Tuva may have the main characteristics of virgin steppes, especially dominant 
species, but differ significantly by low floristic similarity indexes and most of the phytocoenotic characteristics17. 
In the secondary steppes on fallow lands of Ukraine, the overall species composition was successfully restored in 
the secondary steppes ca. 50 years after abandonment, and the share of steppe habitat specialists was similar to 
the virgin steppe only in the field abandoned for ca. 97 years49.

According to Pineiro et al.43 and McSherry and Ritchie50 overgrazing can reduce SOC content. This result is 
consistent with literature that grazing reduces root carbon content in a zone with moderate humidity (at rainfall 
levels of 400–850 mm/yr)44.

The above-ground phytomass reserves are also greatly influenced by the position of the steppe community in 
the relief. Data on the above-ground phytomass reserves in the virgin meadow steppe communities (SPs 7–10) 
varied greatly depending on the location in different parts of the slope: at the foot and in the lower part, this 
indicator was about 500 g/m, and in the upper part – 290 g/m. According to the literature, excessive grazing in 
the middle and especially upper parts of the slopes leads to erosion, soil degradation and loss of fertile topsoil, 
and therefore the carbon content in the upper part of the slope did not differ from its content in arable land. 
In general, this is typical for habitats with low precipitation and high evaporation15,51. This is consistent with 
our case, for example, the SOC content on a virgin plot located in the middle part of a steep slope (SP 6) was 
comparable to that of an arable land. It is worth noting, that the most suitable flat and fertile areas were selected 
for plowing, while steep slopes were not used as croplands. On the one hand, on unploughed (virgin soils), the 
development of erosion should be minimal, but with annual erosional runoff, the plant mortmass does not have 
time to decompose/humify and is partially washed away down the slope.

In general, the content and reserves of SOC in the soil do not directly correlate with the reserve of biomass, 
which was highest in plots of 2023 and in SP 6 (middle of the slope) (Table 6). The SOC content in the soil 
was highest not in the uncultivated areas but in the leveled areas of the secondary steppe: SP 2 (episodic 
haymaking) and SP 3 (moderate grazing). Moreover, the carbon content in these areas was almost twice as high 
as in the arable land and did not differ from the SOC content at the foot of the slope (Table 7). The content of 

No. of sample plot Position of theslope Corg, % P2O5, mg/kg K2O, mg/kg

7 Foot 6.7 ± 0.4 50.8 ± 14.6 196.8 ± 8.8

8 Lower part 5.5 ± 0.1 59.0 ± 15.8 142.0 ± 9.6

9 Middle part 4.4 ± 0.1 41.4 ± 3.1 84.4 ± 4.3

10 Upper part 2.8 ± 0.2 37.0 ± 0.5 111.8 ± 13.5

Table 8. Organic carbon, phosphorus and potassium content of soil on a slope in the 0–30 cm layer (2024).

 

No. of sample plot Method of agricultural use Organic carbon content, % Carbon stocks, t/ha

1 arable land 3.5 ± 0.1 108 ± 3

Secondary steppes

2 occasional haymaking 6.7 ± 0.1 199 ± 4

3 moderate grazing 6.7 ± 0.1 201 ± 3

4 heavy grazing 4.3 ± 0.1 141 ± 2

5 occasional grazing 5.8 ± 0.1 181 ± 4

Virgin steppe

6 occasional grazing 3.6 ± 0.1 107 ± 3

Table 7. Organic carbon content and stocks in typical Chernozem in 0–30 cm layer. The soil texture of all plots 
(except for SP 7 with loam) belongs to sandy loam. The coefficient of soil structure (Ks) ranged from 1.06 to 
3.18, thus, soil structure was classified37 as “excellent” (Ks > 1.5) and “good” (1.5–0.67). Soil aggregate stability 
was classified as “excessively high” (Ksas > 0.75) for all plots and ranged from 0.81 to 0.92 (Table 8).
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nutrients in the soil also varied depending on the position of the plot on the slope. The highest values of Corg, 
available phosphorus and exchangeable potassium were found at the foot and at the bottom of the slope. This 
is most likely due to erosion processes. The study area, like the Southern Cis-Urals as a whole, is considered a 
region susceptible to erosion: potential and maximum possible erosion rates vary from 10 t·ha−1·yr−152 and 20 
t·ha−1·yr−153 to 60 t·ha−1·yr−154, or approximately 0.6 to 5 mm per year, respectively. In modeling rainfall erosion 
of meadow chernozem soils with a similar steep slope (~ 12°) with a rainfall intensity of 6 mm·min−1 and a 
duration of about 50 min, soil losses reached 50 t·ha−155, while the washed-off sediments also contained more 
organic matter and nutrients. It is known that the upper fertile soil layer, as well as the upper and middle parts 
of the slope (where the kinetic energy of the runoff gains the greatest destructive force), are subject to erosion, 
and soil particles (in particular the silt and clay fractions56) enriched with nutrients are washed away with the 
water-erosion flow57. Thus, the content of Corg and potassium in the upper and middle parts of the slope was 
approximately 2 times lower than at the foot or lower part of the slope, and the phosphorus 20–37%. At the same 
time, on the elevated relief elements (SP 9 and SP 10), the sand content (Fig. 3) was high (70–75%), and in the 
accumulation zone (SP 7 and SP 8), fine fractions (clay and silt) prevailed, which confirms the hypothesis of the 
washout of such fractions rich in nutrients from the slope. No significant differences in particle size distribution 
were found between the arable land areas and those subject to grazing of varying intensity, and the soils of these 
areas are characterized as sandy loam. The sand content was somewhat higher in the area with heavy grazing, 
which indicates the development of pasture digression in this area, i.e., an increase in degradation processes, in 
particular water and/or wind erosion58.

Reduced grazing and soil disturbance have a positive effect on the restoration of degraded grasslands 
and the improvement of carbon sequestration and soil organic matter59–61. Moderate grazing and occasional 
haying in 2023 had a positive effect on soil carbon sequestration, similar to high-intensity grazing for a short 
period62, which is associated with the stimulation of root growth63,64. The development of root and plant 
biomass (including projective cover) also affected the soil structure. If on arable land the share of agronomically 
valuable aggregates (Σ of 0.25–10 mm) was 51%, then on pasture areas their share varied in the range of 65–
74% (Fig. 4). Despite the presence of vegetation, grazing led to the destruction of aggregates, especially large 
ones; for example, blocky/lumpy aggregates (> 10 mm) prevailed on arable land, while their share was not high 
in grazed areas and decreased with increasing grazing intensity. At the same time, the lowest share of blocky 
fractions and the highest share of dusty were found in the intensively grazed area. This was undoubtedly due 
to frequent mechanical action/destruction of soil/aggregates by cattle. Obviously, the “best” structure and high 
water resistance of aggregates were on the virgin area at the foot of the slope (SP 7), but in the sloping areas 
(SPs 7–10) it deteriorated as erosion developed. As is known, the quality of the soil structure and the water 
resistance of aggregates are negatively affected by agricultural activities (plowing, grazing, etc.), as well as erosion 
processes65–67.

Precipitation variability significantly affects the functioning of meadow steppes, as well as other water-
limited systems68,69. Comparison of data for 2023 with normal moisture conditions and 2024 with high spring-
summer precipitation showed that in 2024, above-ground phytomass stock increased almost twofold in the 
virgin steppe with episodic grazing and threefold in the secondary steppe under the influence of moderate 
grazing. The average stocks of above-ground phytomass are 350 and 370 g/m3 in the meadow steppes of Siberia 
and European Russia, respectively70,71. Compared with these data, the above-ground biomass stocks in the virgin 
steppe of the study area were lower in 2023 (274 g/m2) and significantly higher in 2024 (529 g/m2). The above-
ground phytomass stocks of the secondary steppes of the study area approached the data on meadow steppes of 
other Russian regions only in wet weather conditions of 2024.

It is widely accepted that increased soil moisture improves the carbon cycle72–74. The change in soil water 
content (SWC) with precipitation closely corresponds to changes in precipitation volume75–77 and extreme 
events78–80.

Fig. 3. Granulometric composition of soils (0–30 cm).
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Increased precipitation in 2024 did not have a significant effect on SOC content, since it was formed over 
a long time. Thus, differences in annual precipitation patterns may affect carbon cycling processes in steppe 
ecosystems81–83. However, the effects of precipitation changes on soil moisture are still poorly understood, and 
thus additional quantitative data are needed69,82–85.

Conclusions
In the Bashkir Cis-Urals, the secondary meadow steppes on fallow lands abandoned for ca. 20–45 years are close 
to virgin steppes in terms of the composition of dominants, but are characterized by low floristic diversity, the 
proportion of specialist species, and the root phytomass. Under gentle agricultural use (occasional or moderate 
haymaking or grazing), the succession goes towards the virgin meadow steppe with the restoration of the organic 
carbon content in the soil. Intensive grazing slows down the restoration and reduces the organic carbon content 
in the soil. Thus, by regulating the intensity of grazing, it is possible not only to increase the productivity of 
meadow steppes on relatively leveled areas, but also to increase the deposition of carbon by the soil. Meadow 
steppes, confined to the upper and middle parts of hillsides, have high above-ground phytomass stock but 
contain less carbon due to water erosion. In connection with the predicted climate aridization, an increase in 
the frequency of droughts while maintaining periodic years with in-creased precipitation, additional research is 
needed to assess the productivity and level of carbon sequestration in the context of climate change.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 19 December 2024; Accepted: 13 May 2025

References
 1. Hurka, H. et al. The Eurasian steppe belt: status quo, origin and evolutionary history. Turczaninowia 22, 5–71.  h t t p s : / / d o i . o r g / 1 0 . 1 

4 2 5 8 / t u r c z a n i n o w i a . 2 2 . 3 . 1     (2019).
 2. Pazur, R. et al. Restoring steppe landscapes: patterns, drivers and implications in Russia’s steppes. Landsc. Ecol. 36, 407–425. 

https://doi.org/10.1007/s10980-020-01174-7 (2021).
 3. Titlyanova, A. A. et al. Biological Productivity of Grasslands. Geographical Regularities and Ecological Features110 (IPA SB RAS, 

2018). https://doi.org/10.31251/978-5-600-02350-5
 4. Kurganova, I. N., de Gerenyu, L. & Zhiengaliyev, V. O. Kudeyarov, V. N. Carbon budgets in the steppe ecosystems of Russia. Dokl. 

Earth Sci. 485, 450–452. https://doi.org/10.31857/S0869-56524856732-735 (2019).
 5. Kovda, V. A. & Russia Fundamentals of Soil Science. General theory of soil formation process. Book 2. Nauka: Moscow, 474. 

(1973).
 6. Bai, Y. & Cotrufo, M. F. Grassland soil carbon sequestration: current understanding, challenges, and solutions. Sci 377, 603–608. 

https://doi.org/10.1126/science.abo2380 (2022).
 7. Ghosh, P. K. Mahanta carbon sequestration in grassland systems. Range Mgmt Agrofor. 35, 173–181 (2014).
 8. Bai, Y. et al. Grazing alters ecosystem functioning and C: N: P stoichiometry of grasslands along a regional precipitation gradient. 

J. Appl. Ecol. 49, 1204–1215. https://doi.org/10.1111/j.1365-2664.2012.02205.x (2012).
 9. Wang, M. et al. Effects of grazing intensity on the carbon, nitrogen and phosphorus content, stoichiometry and storage of plant 

functional groups in a meadow steppe. Agronomy 12, 3057. https://doi.org/10.3390/agronomy12123057 (2022).

Fig. 4. Structural and aggregate composition of soils (0–30 cm).

 

Scientific Reports |        (2025) 15:17268 10| https://doi.org/10.1038/s41598-025-02493-y

www.nature.com/scientificreports/

https://doi.org/10.14258/turczaninowia.22.3.1
https://doi.org/10.14258/turczaninowia.22.3.1
https://doi.org/10.1007/s10980-020-01174-7
https://doi.org/10.31251/978-5-600-02350-5
https://doi.org/10.31857/S0869-56524856732-735
https://doi.org/10.1126/science.abo2380
https://doi.org/10.1111/j.1365-2664.2012.02205.x
https://doi.org/10.3390/agronomy12123057
http://www.nature.com/scientificreports


 10. Zhang, W. et al. Recovery through proper grazing exclusion promotes the carbon cycle and increases carbon sequestration in 
semiarid steppe. Sci. Total Environ. 892, 164423. https://doi.org/10.1016/j.scitotenv.2023.164423 (2023).

 11. Ebrahimi, M., Khosravi, H. & Rigi, M. Short-term grazing exclusion from heavy livestock rangelands affects vegetation cover 
and soil properties in natural ecosystems of southeastern Iran. Ecol. Eng. 95, 10–18. https://doi.org/10.1016/j.ecoleng.2016.06.069 
(2016).

 12. Zhou, X. Q. et al. Effects of grazing by sheep on the structure of methane-oxidizing bacterial community of steppe soil. Soil. Biol. 
Biochem. 40, 258–261. https://doi.org/10.1016/j.soilbio.2007.05.020 (2008).

 13. Jing, Z., Cheng, J., Su, J., Bai, Y. & Jin, J. Changes in plant community composition and soil properties under 3-decade grazing 
exclusion in semiarid grassland. Ecol. Eng. 64, 171–178. https://doi.org/10.1016/j.ecoleng.2013.12.023 (2014).

 14. He, M. et al. Grazing and global change factors differentially affect biodiversity-ecosystem functioning relationships in grassland 
ecosystems. Glob Chang. Biol. 28, 5492–5504. https://doi.org/10.1111/gcb.16305 (2022).

 15. Cui, X. Y. et al. Effect of long-term grazing on soil organic carbon content in semiarid steppes in inner Mongolia. Ecol. Res. 20, 
519–527. https://doi.org/10.1007/s11284-005-0063-8 (2005).

 16. Abdalla, M. et al. Critical review of the impacts of grazing intensity on soil organic carbon storage and other soil quality indicators 
in extensively managed grasslands. Agric. Ecosyst. Environ. 253, 62–81. https://doi.org/10.1016/j.agee.2017.10.023 (2018).

 17. Makunina, N. I. Fallow lands of Tuva (Russia): 30 years of steppe demutation. J. Plant. Sci. Phytopathol. 7, 113–117.  h t t p s : / / d o i . o r 
g / 1 0 . 2 9 3 2 8 / j o u r n a l . j p s p . 1 0 0 1 1 1 5     (2023).

 18. Rounsevell, M., Evans, S. P. & Bullock, P. Climate change and agricultural soils impacts and adaptation. Clim. Change. 43, 683–709. 
https://doi.org/10.1023/A:1005597216804 (1999).

 19. Chernova, O. V., Golozubov, O. M., Alyabina, I. O. & Schepaschenko, D. G. Integrated approach to Spatial assessment of soil 
organic carbon in the Russian federation. Eurasian Soil. Sci. 54, 325–336. https://doi.org/10.1134/S1064229321030042 (2021).

 20. Lisetskii, F. N., Buryak, Z. A., Marinina, O. A., Ukrainskiy, P. A. & Goleusov, P. V. Features of soil organic carbon transformations 
in the Southern area of the East European plain. Geosciences 13, 278. https://doi.org/10.3390/geosciences13090278 (2023).

 21. Lal, R. Sequestering carbon in soils of arid ecosystems. Land. Degrad. Dev. 20, 441–444. https://doi.org/10.1002/ldr.934 (2009).
 22. Ma, W. et al. Warming could shift steppes to carbon sinks and meadows to carbon sources in permafrost regions: evidence from 

the improved IBIS model. Catena 200, 105168. https://doi.org/10.1016/j.catena.2021.105168 (2021).
 23. Janzen, H. H. The soil carbon dilemma: shall we hoard it or use it? Soil. Biol. Biochem. 38, 419–424.  h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j . s o i l b 

i o . 2 0 0 5 . 1 0 . 0 0 8     (2006).
 24. Ciais, P. et al. Carbon Strategy GEO. Secretariat, Geneva/FAO: Rome, Italy; 48 p. (2010).
 25. Powlson, D. S., Whitmore, A. P. & Goulding, K. W. T. Soil carbon sequestration to mitigate climate change: a critical re-examination 

to identify the true and the false. Eur. J. Soil. Sci. 62, 42–55. https://doi.org/10.1111/j.1365-2389.2010.01342.x (2011).
 26. Eze, S., Palmer, S. M. & Chapman, P. J. Soil organic carbon stock in grasslands: effects of inorganic fertilizers, liming and grazing 

in different climate settings. J. Environ. Manage. 223, 74–84. https://doi.org/10.1016/j.jenvman.2018.06.013 (2018).
 27. Golubyatnikov, L. L., Kurganova, I. N. & de Lopes, V. O. Estimation of carbon balance in steppe ecosystems of Russia. Izv. - Atmos. 

Ocean. Phys. 59, 71–87. https://doi.org/10.31857/S0002351523010042 (2023).
 28. Kurganova, I., Lopes de Gerenyu, V. & Kuzyakov, Y. Large- scale carbon sequestration in post-agrogenic ecosystems in Russia and 

Kazakhstan. Catena 133, 461–466. (2015). https://doi.org/10.1016/j.catena.2015.06.002
 29. Baisheva, E. Z. et al. Productivity of vegetation and carbon stock in meadow steppe on fallow areas in the Bashkir Cis-Urals 

(Southern urals Region), Russia. South. Russia: Ecol. Dev. 69, 64–73. https://doi.org/10.18470/1992-1098-2023-4-64-73 (2023).
 30. Working Group, I. U. S. S. WRB. World Reference Base for Soil Resources 2014, Update 2015. In International Soil Classification 

System for Naming Soils and Creating Legends for Soil Maps; World Soil Resources Reports No. 106; FAO: Rome, Italy. (2015).
 31. Vogt, K. A. & Persson, H. Measuring growth and development of roots. In Techniques & Approaches in Forest Tree Ecophysiology 

(eds Lassoie, J. P. & Hinckley, T. M.) 477–501 (CRC, 1991).
 32. Jobbаgy, E. G. & Jackson, R. B. The vertical distribution of soil organic carbon and its relation to climate and vegetation. Ecol. Appl. 

10, 423–436. https://doi.org/10.1890/1051-0761(2000)010 (2000). [0423:TVDOSO]2.0.CO;2.
 33. Barcena, T. G. et al. Soil carbon stock change following afforestation in Northern Europe: a meta-analysis. Glob Chang. Biol. 20, 

2393–2405. https://doi.org/10.1111/gcb.12576 (2014).
 34. Georgiadis, P., Vesterdal, L., Stupak, I. & Raulund-Rasmussen, K. Accumulation of soil organic carbon after cropland conversion 

to short-rotation Willow and Poplar. GCB Bioenergy. 9, 1390–1401. https://doi.org/10.1111/gcbb.12416 (2017).
 35. Sokolov, A. V. Agrochemical Methods of the Researches of SoilsRussia, p. 656 (Moscow, 1975).
 36. State Standard of the USSR 26213-91. Soils. Methods for Determination of Organic Matter. Available online: (1993).  h t t p : / / d o c s . c 

n t d . r u / d o c u m e n t / 1 2 0 0 0 2 3 4 8 1     (accessed on 21 September 2024).
 37. Walkley, A. J. & Black, I. A. Estimation of soil organic carbon by the chromic acid Titration method. Soil. Sci. 37, 29–38.  h t t p s : / / d 

o i . o r g / 1 0 . 1 0 9 7 / 0 0 0 1 0 6 9 4 - 1 9 3 4 0 1 0 0 0 - 0 0 0 0 3     (1934).
 38. Vadyunina, A. F. & Korchagina, Z. A. Methods of Studying the Physical Properties of Soils; Agropromizdat: Moscow, Russia, p. 

416. (1986).
 39. Blake, G. R. & Hartge, K. H. Bulk Density. In Methods of Soil Analysis, 2nd ed.; Klute, A., Ed.; Part 1: Physical and Mineralogical 

Methods. Agron. Monograph; American Society of Agronomy: Madison, WI, USA, Volume 9, pp. 363–382. (1986).
 40. Mucina, L. et al. Vegetation of Europe: hierarchical floristic classification system of vascular plant, bryophyte, lichen, and algal 

communities. Appl. Veg. Sci. 19, 3–264. https://doi.org/10.1111/avsc.12257 (2016).
 41. Willner, W., Korolyuk, A. Y., Roleček, J. & Dengler, J. Formalized classification of the semi-dry grasslands of central and eastern 

Europe. Preslia 91, 25–49. (2019). https://doi.org/10.23855/preslia.2019.025
 42. Yamalov, S. M. et al. Prodromus of Plant Communities of the Republic of Bashkortostan100 (Ufa, 2012). Russia.
 43. Cingolani, A. M., Noy, M. I. & Díaz, S. Grazing effects on rangeland diversity: A synthesis of contemporary models. Ecol. 

Applications: Publication Ecol. Soc. Am. 757–773. https://doi.org/10.1890/03-5272 (2005).
 44. Pineiro, G., Paruelo, J. M., Jobbagy, E., Jackson, R. B. & Oesterheld, M. Grazing effects on belowground C and N stocks along a 

network of cattle exclosures in temperate and subtropical grasslands of South America. Global Biogeochem. Cycles. 23, GB2003. 
https://doi.org/10.1029/2007GB003168 (2009).

 45. Manley, J. T., Schuman, G. E., Reeder, J. D. & Hart, R. H. Rangeland soil carbon and nitrogen responses to grazing wiley. Ecol. Appl. 
15, 757–773. https://doi.org/10.1890/03-5272 (2005).

 46. Brinkert, A., Hölzel, N., Sidorova, T. V. & Kamp, J. Spontaneous steppe restoration on abandoned cropland in Kazakhstan: grazing 
affects successional pathways. Biodivers. Conserv. 25, 2543–2561. https://doi.org/10.1007/s10531-015-1020-7 (2016).

 47. Makunina, N. I. & Sambuu, A. L. Structure and stock of phytomass as indicators of the stage of demutation of steppe fallow lands 
in Tyva. Russ J. Ecol. 53, 357–365. https://doi.org/10.1134/s106741362205006x (2022).

 48. Telesnina, V. M., Kurganova, I. N., Lopes de Gerenyu, V. O., Lichko, V. A. & Ermolaev, A. M. Dynamics of soil properties and plant 
composition during postagrogenic evolution in different bioclimatic zones. Eurasian Soil. Sci. 50, 1515–1534.  h t t p s : / / d o i . o r g / 1 0 . 1 
1 3 4 / S 1 0 6 4 2 2 9 3 1 7 1 2 0 1 0 9     (2017).

 49. Dembicz, I. et al. Rapid functional but slow species diversity recovery of steppe vegetation on former arable fields in Southern 
Ukraine. App Veg. Sci. 26, e12756. https://doi.org/10.1111/avsc.12756 (2023).

 50. McSherry, M. E. & Ritchie, M. E. Effects of grazing on grassland soil carbon: a global review. Glob Chang. Biol. 19, 1347–1357. 
https://doi.org/10.1111/gcb.12144 (2013).

Scientific Reports |        (2025) 15:17268 11| https://doi.org/10.1038/s41598-025-02493-y

www.nature.com/scientificreports/

https://doi.org/10.1016/j.scitotenv.2023.164423
https://doi.org/10.1016/j.ecoleng.2016.06.069
https://doi.org/10.1016/j.soilbio.2007.05.020
https://doi.org/10.1016/j.ecoleng.2013.12.023
https://doi.org/10.1111/gcb.16305
https://doi.org/10.1007/s11284-005-0063-8
https://doi.org/10.1016/j.agee.2017.10.023
https://doi.org/10.29328/journal.jpsp.1001115
https://doi.org/10.29328/journal.jpsp.1001115
https://doi.org/10.1023/A:1005597216804
https://doi.org/10.1134/S1064229321030042
https://doi.org/10.3390/geosciences13090278
https://doi.org/10.1002/ldr.934
https://doi.org/10.1016/j.catena.2021.105168
https://doi.org/10.1016/j.soilbio.2005.10.008
https://doi.org/10.1016/j.soilbio.2005.10.008
https://doi.org/10.1111/j.1365-2389.2010.01342.x
https://doi.org/10.1016/j.jenvman.2018.06.013
https://doi.org/10.31857/S0002351523010042
https://doi.org/10.1016/j.catena.2015.06.002
https://doi.org/10.18470/1992-1098-2023-4-64-73
https://doi.org/10.1890/1051-0761(2000)010
https://doi.org/10.1111/gcb.12576
https://doi.org/10.1111/gcbb.12416
http://docs.cntd.ru/document/1200023481
http://docs.cntd.ru/document/1200023481
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1111/avsc.12257
https://doi.org/10.23855/preslia.2019.025
https://doi.org/10.1890/03-5272
https://doi.org/10.1029/2007GB003168
https://doi.org/10.1890/03-5272
https://doi.org/10.1007/s10531-015-1020-7
https://doi.org/10.1134/s106741362205006x
https://doi.org/10.1134/S1064229317120109
https://doi.org/10.1134/S1064229317120109
https://doi.org/10.1111/avsc.12756
https://doi.org/10.1111/gcb.12144
http://www.nature.com/scientificreports


 51. Xie, Y. (ed Wittig, R.) The impact of grazing intensity on soil characteristics of Stipa grandis and Stipa Bungeana steppe in Northern 
China (autonomous region of Ningxia). Acta Oecol. 25 197–204 https://doi.org/10.1016/j.actao.2004.01.004 (2004).

 52. Khaziev, F. K. et al. Soils Bashkortostan Vol 1. Ecologic-Genetic and Agroproductive Characterization; Gilem: Ufa, Russia, p. 385. 
(1995).

 53. Komissarov, M., Golosov, V., Zhidkin, A., Fomicheva, D. & Konoplev, A. The cross-verification of different methods for soil erosion 
assessment of natural and agricultural low slopes in the Southern Cis-Ural region of Russia. Land 13, 1767.  h t t p s : / / d o i . o r g / 1 0 . 3 3 9 
0 / l a n d 1 3 1 1 1 7 6 7     (2024).

 54. Abdrakhmanov, R. F. et al. Water Balance Station; BSAU: Ufa, Russia, p. 82. (2002).
 55. Sobol, N. V. & Gabbasova, I. M. Komissarov, M.A. Effect of rainfall intensity and slope steepness on the development of soil erosion 

in the Southern Cis-Ural region (A model experiment). Eurasian Soil. Sci. 50, 1098–1104.  h t t p s : / / d o i . o r g / 1 0 . 1 1 3 4 / S 1 0 6 4 2 2 9 3 1 7 0 9 
0 0 6 X     (2017).

 56. Simelane, M. P. Z., Soundy, P. & Maboko, M. M. Effects of rainfall intensity and slope on infiltration rate, soil losses, runoff and 
nitrogen leaching from different nitrogen sources with a rainfall simulator. Sustainability 16, 4477.  h t t p s : / / d o i . o r g / 1 0 . 3 3 9 0 / s u 1 6 1 1 
4 4 7 7     (2024).

 57. Kanianska, R., Kizeková, M., Jančová, Ľ., Čunderlík, J. & Dugátová, Z. Effect of soil erosion on soil and plant properties with a 
consequence on related ecosystem services. Sustainability 16, 7037. https://doi.org/10.3390/su16167037 (2024).

 58. Akhmadov, K. M., Breckle, S. W. & Breckle, U. Effects of grazing on biodiversity, productivity, and soil erosion of alpine pastures 
in Tajik mountains. In Land Use Change and Mountain Biodiversity (eds Spehn, E. et al.) 241–250 (CRC, 2006).

 59. Wu, L., He, N., Wang, Y. & Han, X. Storage and dynamics of carbon and nitrogen in soil after grazing exclusion in Leymus chinensis 
grasslands of Northern China. J. Environ. Qual. 37, 663–668. https://doi.org/10.2134/jeq2007.0196 (2008).

 60. Li, X. et al. Grazing exclusion alters soil microbial respiration, root respiration and the soil carbon balance in grasslands of the loess 
plateau, Northern China soil. Sci. Plant. Nutr. 59, 877–887. https://doi.org/10.1080/00380768.2013.862157 (2013).

 61. Hu, Z. et al. A synthesis of the effect of grazing exclusion on carbon dynamics in grasslands in China. Glob Chang. Biol. 22, 
1385–1393. https://doi.org/10.1111/gcb.13133 (2016).

 62. Russell, J. R., Barnhart, S. K., Morrical, D. G. & Sellers, H. J. Use of Mob Grazing to Improve Cattle Production, Enhance Legume 
Establishment and Increase Carbon Sequestration in Iowa Pastures Leopold Centre Completed Grant Reports, 433. Available 
online: (2013). http://lib.dr.iastate.edu/leopold_grantreports/433 (accessed on 16 July 2024).

 63. Frank, D. A., Kuns, M. M. & Guido, D. R. Consumer control of grassland plant production. Ecology 83, 602–606.  h t t p s : / / d o i . o r g / 1 
0 . 1 8 9 0 / 0 0 1 2 - 9 6 5 8 ( 2 0 0 2 ) 0 8 3     (2002). [0602:CCOGPP]2.0.CO;2.

 64. Tanentzap, A. J. & Coomes, D. A. Carbon storage in terrestrial ecosystems: do browsing and grazing herbivores matter? Biol. Rev. 
87, 72–94. https://doi.org/10.1111/j.1469-185X.2011.00185.x (2012).

 65. Komissarov, M. A. & Klik, A. Impact of no-till, conservation and conventional tillage on erosion and soil properties in lower 
Austria. Eurasian Soil. Sci. 53, 503–511. https://doi.org/10.1134/S1064229320040079 (2020).

 66. Mikha, M. M., Green, T. R., Untiedt, T. J. & Hergret, G. W. Land management affects soil structural stability: Multi-index principal 
component analyses of treatment interactions. Soil. Till Res. 235, 105890. https://doi.org/10.1016/j.still.2023.105890 (2024).

 67. Gan, F. et al. Responses of soil aggregate stability and soil erosion resistance todifferent bedrock strata dip and land use types in 
the karst Troughvalley of Southwest China. Int. Soil. Water Conserv. Res. 12, 684–696. https://doi.org/10.1016/j.iswcr.2023.09.002 
(2024).

 68. Nielsen, U. N. & Ball, B. A. Impacts of altered precipitation regimes on soil communities and biogeochemistry in arid and semi-
arid ecosystems. Glob Chang. Biol. 21, 1407–1421. https://doi.org/10.1111/gcb.12789 (2015).

 69. Wang, Z. et al. Sensitivity of terrestrial carbon cycle to changes in precipitation regimes. Ecol. Indic. 113, 106223.  h t t p s : / / d o i . o r g / 1 
0 . 1 0 1 6 / j . e c o l i n d . 2 0 2 0 . 1 0 6 2 2 3     (2020).

 70. Bazilevich, N. I. Biologicheskaya produktivnost’ ehkosistem Severnoj Evrazii; Nauka: Moscow, Russia. (1993).
 71. Titlyanova, A. A. et al. Biological Productivity of Grass Ecosystems. Geographic Patterns and Ecological Features110 (IPA SO RAN, 

2018). https://doi.org/10.31251/978-5-600-02350-5
 72. Singh, S. et al. Soil organic carbon cycling in response to simulated soil moisture variation under field conditions. Sci. Rep. 11, 

10841. https://doi.org/10.1038/s41598-021-90359-4 (2021).
 73. Wang, X. et al. Will climate warming of terrestrial ecosystem contribute to increase soil greenhouse gas fluxes in plot experiment? 

A global meta-analysis. Sci. Total Environ. 827, 154114. https://doi.org/10.1016/j.scitotenv.2022.154114 (2022).
 74. Zona, D. et al. Pan-Arctic soil moisture control on tundra carbon sequestration and plant productivity. Glob Chang. Biol. 29, 

1267–1281. https://doi.org/10.1111/gcb.16487 (2022).
 75. Du, K. et al. Influence of no-tillage and precipitation pulse on continuous soil respiration of summer maize affected by soil water 

in the North China plain. Sci. Total Environ. 766, 144384. https://doi.org/10.1016/j.scitotenv.2020.144384 (2021).
 76. Legesse, T. G. et al. Small precipitation events enhance the Eurasian grassland carbon sink. Ecol. Indic. 131, 108242.  h t t p s : / / d o i . o r 

g / 1 0 . 1 0 1 6 / j . e c o l i n d . 2 0 2 1 . 1 0 8 2 4 2     (2021).
 77. Liang, M., Feng, X. & Gornish, E. S. Rainfall pulses mediate long-term plant community compositional dynamics in a semi‐arid 

rangeland. J. Appl. Ecol. 58, 708–717. https://doi.org/10.1111/1365-2664.13780 (2021).
 78. Wei, S. et al. Prolonged impacts of extreme precipitation events weakened annual ecosystem CO2 sink strength in a coastal wetland. 

Agric. Meteorol. 310, 108655. https://doi.org/10.1016/j.agrformet.2021.108655 (2021).
 79. Dodd, R. J. et al. Resilience of ecosystem service delivery in grasslands in response to single and compound extreme weather 

events. Sci. Total Environ. 861, 160660. https://doi.org/10.1016/j.scitotenv.2022.160660 (2023).
 80. Newell, F. L., Ausprey, I. J. & Robinson, S. K. Wet and dry extremes reduce arthropod biomass independently of leaf phenology in 

the wet tropics. Global Change Biol. 29, 308–323. https://doi.org/10.1111/gcb.16379 (2023).
 81. Li, L. et al. Nonlinear carbon cycling responses to precipitation variability in a semiarid grassland. Sci. Total Environ. 781, 147062. 

https://doi.org/10.1016/j.scitotenv.2021.147062 (2021).
 82. Legesse, T. G. et al. Extreme wet precipitation and mowing stimulate soil respiration in the Eurasian meadow steppe. Sci. Total 

Environ. 851, 158130. https://doi.org/10.1016/j.scitotenv.2022.158130 (2022).
 83. Griffin-Nolan, I. R., Slette, J. J. & Knapp, A. K. Deconstructing precipitation variability: rainfall event size and timing uniquely alter 

ecosystem dynamics. J. Ecol. 109, 3356–3369. https://doi.org/10.1111/1365-2745.13724 (2021).
 84. Jaman, M. S. et al. Contrasting responses of plant above and belowground biomass carbon pools to extreme drought in six 

grasslands spanning an aridity gradient. Plant. Soil. 473, 167–180. https://doi.org/10.1007/s11104-021-05258-4 (2022).
 85. Gherardi, L. A. & Sala, O. E. Enhanced precipitation variability decreases grass-and increases shrub-productivity. P N S. 112, 

12735–12740. https://doi.org/10.1073/pnas.1506433112 (2015).

Acknowledgements
This research was performed within the state assignment framework of the Ministry of Science and Higher 
Education of the Russian Federation «Assessment of greenhouse gas balance in the Eurasian carbon polygon 
with the aim to develop technologies to increase carbon stocks by ecosystems of the Republic of Bashkortostan 
for 2024–2026» (Publication number: FEUR-2024-0007) and state assignment framework No. 123020800001-5 
«Analysis and forecast of the complex impact of anthropogenic factors and climatic changes on the vegetation 

Scientific Reports |        (2025) 15:17268 12| https://doi.org/10.1038/s41598-025-02493-y

www.nature.com/scientificreports/

https://doi.org/10.1016/j.actao.2004.01.004
https://doi.org/10.3390/land13111767
https://doi.org/10.3390/land13111767
https://doi.org/10.1134/S106422931709006X
https://doi.org/10.1134/S106422931709006X
https://doi.org/10.3390/su16114477
https://doi.org/10.3390/su16114477
https://doi.org/10.3390/su16167037
https://doi.org/10.2134/jeq2007.0196
https://doi.org/10.1080/00380768.2013.862157
https://doi.org/10.1111/gcb.13133
http://lib.dr.iastate.edu/leopold_grantreports/433
https://doi.org/10.1890/0012-9658(2002)083
https://doi.org/10.1890/0012-9658(2002)083
https://doi.org/10.1111/j.1469-185X.2011.00185.x
https://doi.org/10.1134/S1064229320040079
https://doi.org/10.1016/j.still.2023.105890
https://doi.org/10.1016/j.iswcr.2023.09.002
https://doi.org/10.1111/gcb.12789
https://doi.org/10.1016/j.ecolind.2020.106223
https://doi.org/10.1016/j.ecolind.2020.106223
https://doi.org/10.31251/978-5-600-02350-5
https://doi.org/10.1038/s41598-021-90359-4
https://doi.org/10.1016/j.scitotenv.2022.154114
https://doi.org/10.1111/gcb.16487
https://doi.org/10.1016/j.scitotenv.2020.144384
https://doi.org/10.1016/j.ecolind.2021.108242
https://doi.org/10.1016/j.ecolind.2021.108242
https://doi.org/10.1111/1365-2664.13780
https://doi.org/10.1016/j.agrformet.2021.108655
https://doi.org/10.1016/j.scitotenv.2022.160660
https://doi.org/10.1111/gcb.16379
https://doi.org/10.1016/j.scitotenv.2021.147062
https://doi.org/10.1016/j.scitotenv.2022.158130
https://doi.org/10.1111/1365-2745.13724
https://doi.org/10.1007/s11104-021-05258-4
https://doi.org/10.1073/pnas.1506433112
http://www.nature.com/scientificreports


cover of the South Ural region».

Author contributions
Conceptualization, N.F., P.S., and M.K.; methodology, N.F., P.S., M.K., and E.B.; software, N.F., I.B. and I.T.; val-
idation, E.B., V.M. and S.Z.; formal analysis, I.B., I.T., V.G., G.S., A.M., and D.G.; investigation, N.F., P.S., A.M., 
I.B., I.T., M.K., M.A., M.Ai., D.G., D.Gu., and E.B.; data curation, N.F. and E.B.; writing—original draft prepara-
tion, N.F., E.B., S.Z., M.K., and V.M.; writing—review and editing, N.F., S.Z., E.B. and M.K.; visualization, E.B., 
M.K., I.T., V.G., and S.Z.; project administration, N.F. All authors have read and agreed to the published version 
of the manuscript. The figure 2 shows the research participants, who are the authors of the manuscript: N.F., P.S., 
I.B., I.T., V.G., D.G., A.M., and D.Gu.

Declarations

Competing interests
The authors declare no competing interests.

Ethical consideration
All authors agree to publish the identifying information/images in an online open-access publication.

Additional information
Correspondence and requests for materials should be addressed to P.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025 

Scientific Reports |        (2025) 15:17268 13| https://doi.org/10.1038/s41598-025-02493-y

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	Productivity, carbon sequestration and species diversity in virgin and secondary meadow steppes of the Bashkir Cis-Urals
	Materials and methods
	Site description

	Description of sample plots
	Estimation of the biomass of herbaceous plants and Mortmass
	Estimation of root phytomass
	Analysis of the carbon content of the samples
	Soil characteristic, sampling, and laboratory analysis

	Results
	Floristic composition
	Productivity
	Carbon content in biomass and soil

	Discussion
	Conclusions
	References


