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Abstract. Long-term field experiments provide a valuable dataset for predicting changes in soil organic carbon (SOC) 
stocks in different agricultural systems. The RothC-26.3 model was used to simulate changes in SOC in the monoculture 
of spring barley (Hordeum vulgare L.) and the Norfolk crop rotation during 1972–2100. The potential of the Gleyic Flu-
visol Clayic to sequester organic carbon was investigated. The studied soil was heavily textured, with medium organic 
carbon content. Four management scenarios in the monoculture and six management scenarios in the Norfolk crop 
rotation were evaluated. Three different global climate models (MPI, MRI, CMSS) representing the uncertainty of future 
climate conditions were used. Results showed that carbon stocks were mainly influenced by plant residue inputs and 
exogenous organic materials application. The projection showed trends of carbon stocks decreasing in the case of mono-
culture management. Results also documented that management scenario D with straw incorporation and intercrops 
represented sustainability and carbon stock increase during all modelled climate scenarios. The SOC stock at the end of 
the century was approximately 66 t/ha. This represents a moderate sequestration of SOC of approximately 0.09 t/ha/year.
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Agrotechnical practices and farming systems am-
plified by climate change over the past decades have 
seriously impacted soil carbon sequestration and 
contributed to the critical level of carbon dioxide 
(CO2) in the atmosphere. Moreover, climate change 
and the rate of carbon sequestration are correlated 
to the soil type, plant input, crops, and other an-
thropogenic factors. Understanding how the dif-
ferent factors interact is important for successful 
management strategy development. The level and 
balance of soil organic carbon (SOC) are the main 
criteria of agricultural sustainability. They are also 
important for maintaining other non-productive 
ecosystem services such as biodiversity provision, 
hygienic and environmental functions, etc. SOC is 
often considered the primary soil quality indicator 
in agricultural lands (Chevallier et al. 2016). It is 
also a key factor in all groups of ecosystem services 
(Banwart et al. 2015). Organic carbon in the soil 
ecosystem is influenced mainly by natural condi-
tions and human activities (Eckelmann et al. 2006, 
Tayebi et al. 2021). As quoted by Wiesmeier et al. 
(2019), natural factors that affect SOC dynamics 
include soil properties, climate characteristics, and 
geographic factors. Besides natural indicators, the 
impact of human activities on SOC stock comes 
through land use (arable land, meadow, forest) and 
the case of intensive soil management (Guo and 
Gifford 2002, Barančíková et al. 2013, Maillard and 
Angers 2014, Poeplau and Don 2015). Loss of SOC 
stock after the conversion of natural ecosystems 
into agricultural land has been confirmed by many 
authors (Guo and Gifford 2002, Poeplau and Don 
2015, Ledo et al. 2020).

In cultivated soils, the SOC stock has also been 
affected by erosion processes and low-carbon inputs. 
These can significantly reduce the stabilisation of soil 
organic matter (SOM) due to deteriorated aggrega-
tion, and subsequent mineralisation promoted by 
increased soil temperature and aeration (Balesdent 
et al. 2000, Hamza and Anderson 2005). On the other 
hand, many studies showed that appropriate manage-
ment practices, which include crop diversity, mulch-
ing, supply of organic matter and organic fertilisers 
to the soil (soil fertility management, cultivation of 
perennial crops), control of wind and water erosion, 
the application of soil conservation technologies, and 
application of biowastes increase the SOC stock in 
agricultural soils (Poeplau and Don 2015, Kowalska 
et al. 2020, Ledo et al. 2020, Valkama et al. 2020, 
Seitz et al. 2022).

If and how soils can sequestrate more organic car-
bon requires precise methods for evaluation of SOC. 
Lorenz and Lal (2005) pointed out that conventional 
analytical methods for assessing SOC stock are ex-
pensive, time-consuming, and not always comparable. 
The mechanisms for SOC stabilisation can be clas-
sified into three categories: physical, chemical, and 
physico-chemical stabilisation. The authors stated that 
all the organic carbon forms presented in the soil are 
still not well studied and monitored. Moreover, the 
increase in SOC stabilisation and sequestration may 
cause the C turnover to slow down. Jenkinson et al. 
(1999) defined inert organic carbon as a fraction of 
soil organic matter that is biologically inert and has an 
equivalent radiocarbon age of more than 50 000 years. 
Besides inert organic carbon, soil organic matter in-
cludes relatively stable and labile carbon forms. Some 
data have also been set from an empirically derived 
relationship between inert and total SOC (Falloon et al. 
1998, 2000, Falloon and Smith 2002). Many mathemati-
cal and statistical models were developed for the model-
ling and prediction of SOC. Today, one of the promising 
approaches is using carbon isotope data (13C and 14C) 
that can be coherent with the carbon cycle anthro-
pogenic perturbation time scale (e.g. from years to 
century). In general, modelling provides valuable 
information on the development of SOC stock, which 
can be positive (carbon sequestration) or negative 
(carbon emission) (e.g. the ORCHIDEE, CENTURY, 
EPIC, RothC). These models and field measurements 
would suggest that soil properties and crop manage-
ment can play a significant role in determining the 
carbon stocks. Several sites in the Czech Republic 
and all over the world operate with the EPIC model, 
and the simulation of crop production and its agro-
environmental impact are documented (Pohanková et 
al. 2015, Viscarra Rossel et al. 2016, Camino-Serrano et 
al. 2018, Finke et al. 2019, Hábová et al. 2019). In this 
way, data from SOC long-term field monitoring are 
regarded as a key factor for quantifying and validat-
ing mathematical and statistical models. The selected 
RothC model was initially developed and parametrised 
to model the turnover of organic carbon in arable 
soil from Rothamsted long-term field experiments. 
Later, it was extended to model turnover in grassland 
and woodland. It can operate in different soil uses 
and soil management, different soil types and under 
different climates (Smith et al. 2007, Van Wesemael 
et al. 2010, Barančíková et al. 2013, Francaviglia et 
al. 2019, Wust-Galley et al. 2020, Prokopyeva et al. 
2021, Paramesh et al. 2022).
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This article aims to simulate the effect of agrotech-
nical management practices and climate change on 
the level of carbon accumulation in the intensively 
used Gleyic Fluvisol Clayic. The RothC model was 
validated for 1972–2020 and the prediction of SOC 
stock was made for 2022–2100. Three climatic sce-
narios, four management scenarios for monoculture, 
and six management scenarios for the Norfolk crop 
rotation were modelled.

MATERIAL AND METHODS

Site and long-term field characteristics. The 
long-term field experiment was established in the 
autumn of 1969 in the Field Experimental Station 
of Mendel University in Žabčice. The place Žabčice 
is located in the South Moravian region (49°0'42"N, 
16°36'9"E; altitude of 180 m a.s.l.). Thirty-year aver-
age (1991–2020) annual air temperature is 10.3 °C, 
and average annual precipitation is 491 mm, indi-
cating the warmest and driest areas in the Czech 
Republic. The field experiment is focused on spring 
barley (Hordeum vulgare L.) due to the tradition 
of growing and breeding in the Moravian region. 
During that time, cultivars were changed accord-
ing to the demand of breweries and nowadays only 
cv. Bojos is grown. Details of crops alternating in 
Norfolk during all assessed periods (1972–2020) 
are listed in Table 4. There were these crops grown: 
red clover (Trifolium pratense L.), winter wheat 
(Triticum aestivum L.), sugar-beet or silage maize 
(both with application of farmyard manure (FYM) 
in dose 35 t/ha), spring barley (Triticum hordeum L., 
the same cultivars like in monoculture). Norfolk 
crop rotation was modified in the year 2003, and 
the current rotation consists of these crops: alfalfa 
(Medicago sativa L.), winter wheat (Triticum aesti-
vum L.), grain maize (Zea mays L.) with application 
of FYM in dose 25 t/ha and spring barley (Hordeum 
vulgare L.).

In monoculture, three experimental factors are 
included in long-term field trials (soil tillage, straw 

management, and nitrogen fertilisation). Norfolk 
crop rotation is conducted with two experimen-
tal factors (without straw management. Soil tillage 
methods are used: ploughing (0.22 m) and shallow 
loosening (0.12–0.14 m). All crops, except spring 
barley, are fertilised with nitrogen in a single dose 
according to the plant’s nutrition needs; for spring 
barley, differentiated nitrogen fertilisation is imple-
mented (nitrogen doses of 30, 60 and 90 kg/ha in 
ammonium sulphate).

Other nutrients are applied in a dose of 39.6 kg P 
and 99.6 kg K (triple superphosphate, and potassium 
salt) for all fields in the autumn, which corresponds 
to a dose of 39.24 kg of pure phosphorus and 99.60 kg 
of pure potassium.

In the monoculture of spring barley, there are three 
variants of straw management: straw harvested (SH), 
straw chopping and incorporated (SI), and straw 
burning (SB). Each experimental variant is carried 
out in four replications, harvesting plots areas are 
20 m2, and yields of crops were calculated in appro-
priate units per hectare. Data processing was done 
by MS Excel v. 2010 (Microsoft, Redmond, USA).

Soil properties. The studied soil was classified as 
Gleyic Fluvisol Clayic, heavily textured, with medium 
organic carbon content. The soil type was classified 
according to the IUSS Working Group WRB (2022) 
and Němeček et al. (2011). The soil is heavily textured 
and weakly acidic, with medium cation exchange 
capacity and SOC content. Basic soil properties are 
documented in Tables 1 and 2.

Soil sampling and analysis. From 1972–2017, 
the soil was sampled once a year after harvesting 
the crops from 0–0.10 m, since 2017, from a depth 
of 0–0.10, 0.10–0.20, and 0.20–0.30 m. Basic soil 
characteristics were determined by commonly used 
standard methods. Soil reaction was determined by 
the potentiometric method in distilled water and 
1 mol/L KCl solution (1 : 2.5). Particle size analysis 
was determined by the pipette method. Soil organic 
carbon content was determined by the oxidimetric 
titration method (Hábová et al. 2019).

Table 1. Texture classes in the profile of Gleyic Fluvisol Clayic

Horizon Depth 
(m)

Clay Silt Sand Texture 
class(%)

Ap 0–0.15 48.50 44.50 7.00 silty clay
AM 0.15–0.30 44.00 47.25 8.75 silty clay
MG > 0.30 49.00 48.80 2.20 silty clay
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The RothC Model. The structure of the RothC model 
(Coleman and Jenkinson 1996, 2005, Coleman et al. 1997) 
was as follows: soil organic carbon was split into four active 
compartments (DPM – decomposable plant material; RPM 
– resistant plant material; BIO – microbial biomass; HUM 
– humified organic matter) and a small amount of inert 
organic matter (IOM). Each compartment decomposes by 
a first-order process with its characteristic rate. The IOM 
compartment is resistant to decomposition.

Input data

The input data include the following: climate data, 
soil data and crop management data.

Climate data 
–	 monthly precipitation (mm);
–	 monthly evapotranspiration (mm);
–	 average monthly mean air temperature (°C).
Soil characteristics
–	 clay content (%);
–	 inert organic carbon;
–	 initial soil organic carbon stock (C t/ha);
–	 depth of soil layer considered (cm).
Crop management data
–		 soil cover (soil surface with or without 

	 vegetation cover);
–		 monthly input of plant residues (amount 

	 of C t/ha);
–		 monthly input of farmyard manure (amount 

	 of C t/ha);
–	 residues quality factor (DPM/RPM ratio).
The RothC model for Žabčice locality. Climate data 

for the baseline period 1972–2020 were obtained from 
Žabčice meteorological station. The station is situated 
directly at the experimental site and has been kept fol-
lowing the World Meteorological Organisation Standards.

Soil data. Analytical data on clay content were 
received from the particle size analysis of disturbed 
samples collected from the Žabčice locality (Table 1). 
SOC stock was modelled for 30 cm of soil depth.

At the beginning (in 1972), the initial carbon stock 
status was calculated for different variants of the 
monoculture of spring barley and the Norfolk.

Initial SOC stock = SOCm × BD × d
Where: SOCm – measured soil organic carbon content (%); 
BD – bulk density (g/cm3); d – soil depth (0.30 m).

The biologically inert SOC fraction (IOM) is cal-
culated from the initial SOC stock by an exponential 
equation (Faloon et al. 1998):

IOM = 0.049SOC1.139

The initial SOC content was used for running the 
RothC model to equilibrium (10 000 years) under 
constant environmental conditions (Coleman and 
Jenkinson 1996). The empirically derived relation-
ship was set between inert organic matter and the 
total stock of organic carbon (Falloon et al. 2002, 
Barančíková 2013, Hábová et al. 2019). Data of carbon 
and radiocarbon ages were received in equilibrium 
mode (initial soil state, initial radiocarbon age) and 
were applied to run the model in short-term mode 
(1972–2020), and for prediction in long-term mode 
(2022–2100). Literature data for RMSE for long-term 
field experiments modelling were between 2% and 30% 
(Smith et al. 1997, Falloon and Smith 2002, Guo et 
al. 2007, Barančíková et al. 2013, Hábová et al. 2019).

Crop management data. Organic carbon inputs of 
plant residues or farmyard manure were calculated 
according to Barančíková et al. (2013) and Hábová 
et al. (2019).

Qr – carbon content in plant input (t/ha), 
Qr = u × kc

where: u – yield (t/ha); kc – coefficient of carbon content in 
plant input according to predicted yield (amount of C t/ha 
yield) for a given crop];

QH – carbon content in organic manure (t/ha), 
QH = DH × CH

where: DH – dose of organic fertiliser; CH – coefficient of 
conversion of the organic fertiliser dose to the amount of 
carbon (t/ha).

Table 2. Average values of physico-chemical parameters in the studied Gleyic Fluvisol Clayic

Horizon Depth 
(m) pHH2O pHKCl

Conductivity 
(mS/cm)

CEC 
(mmol+/kg)

SOC 
(%)

Ap 0–0.15 6.60 5.60 0.23 219.20 1.22
AM 0.15–0.30 6.40 5.45 0.18 155.00 0.48
MG > 0.30 6.25 5.35 0.20 150.00 0.22

pHH2O – active soil reaction; pHKCl – exchangeable soil reaction; CEC – cation exchange capacity; SOC – soil organic 
carbon content
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Management data set for validation (warm-up) 
period (1972–2020)

Monoculture of spring barley. Monoculture of 
spring barley – the influence of straw incorporation, 
straw burning, and straw harvesting on crop yields 
was studied in the monoculture of spring barley.

The model validation was performed for each vari-
ant. So model validation was performed three times 
with the different plant residue inputs (kC – for spring 
barley + straw incorporated, straw harvested, and 
straw burnt, for monoculture), and then measured 
SOC values (1972–2020) were used for RMSE (root 
mean square error) calculation.

Norfolk crop rotation. Norfolk crop rotation was 
chosen for calculating C input from plant residues 
of individual crops according to yields each year and 
Kc value for a given crop in the Norfolk crop rotation 
from 1972–2020. The C input from organic fertiliser 
was considered and applied for the year correspond-
ing to the application of organic fertilisation. Nine 
measured SOC values during the period 1972–2020 
were used for RMSE calculation.

Development of SOC stock – forward period 
(until 2100)

SOC stock was predicted for four (monoculture) 
and six (Norfolk) management scenarios and three 
climate scenarios.

Future management scenarios for monoculture

– Management scenario (A) – the current manage-
ment scenario (using average spring barley yield 
during the period 1972–2020, variant straw incor-
poration, kc – spring barley);

– Management scenario (B) – the current manage-
ment scenario (using average spring barley yield 
during the period 1972–2020, variant straw har-
vested, kc – spring barley);

– Management scenario (C) – the current manage-
ment scenario (using average spring barley yield 
during the period 1972–2020, variant straw har-
vested, yearly intercrops from August, kc – spring 
barley + intercrops);

– Management scenario (D) – the current manage-
ment scenario (using average spring barley yield 
from 1972–2020, variant straw incorporated, yearly 
intercrops from August, kc – spring barley + straw + 
intercrops).

Future management scenarios for the Norfolk 
crop rotation

– Management scenario (A) – the current management 
scenario (2000–2020, grain maize, spring barley, 
alfalfa, winter wheat. Maize bark is incorporated, 
but barley and wheat straw are harvested. Farmyard 
manure is applied before barley in a dose of 25 t/ha, 
Kc – grain maize + maize bark + spring barley + 
winter wheat + FYM 25 t/ha);

– Management scenario (B) – the current manage-
ment scenario (2000–2020, grain maize, spring 
barley, alfalfa, winter wheat. Maize bark is incor-
porated, but barley and wheat straw are harvested. 
FYM in a dose of 40 t/ha, Kc – grain maize + maize 
bark + spring barley + winter wheat + FYM 40 t/ha);

– Management scenario (C) – the current management 
scenario (2000–2020, grain maize, spring barley, 
alfalfa, winter wheat. Maize bark, barley and wheat 
straw are incorporated, with no organic fertilisation, 
Kc – grain maize + maize bark + spring barley + straw + 
winter wheat + straw);

– Management scenario (D) – the current manage-
ment scenario (2000–2020, grain maize, spring 
barley, alfalfa, winter wheat. Maize bark, barley 
and wheat straw are incorporated, with no organic 
fertilisation, yearly intercrops after winter wheat 
in August, Kc – grain maize + maize bark + spring 
barley + straw + winter wheat + straw + intercrops);

– Management scenario (E) – the current management 
scenario (2000–2020, grain maize, spring barley, 
alfalfa, winter wheat. Maize bark is incorporated, 
but barley and wheat straw are harvested, FYM 
40 t/ha, yearly intercrops after winter wheat in 
August, Kc – grain maize + maize bark + spring 
barley + winter wheat + intercrops + FYM 40 t/ha);

– Management scenario (F) – the current management 
scenario (2000–2020, grain maize, spring barley, 
alfalfa, winter wheat. Maize bark is incorporated, 
barley straw is harvested, wheat straw is incorpo-
rated, FYM 40 t/ha, yearly intercrops after winter 
wheat or spring barley in August, Kc – grain maize + 
maize bark + spring barley + winter wheat + 
straw + intercrops + FYM 40 t/ha).

Climate scenarios

The soil organic carbon stock simulation was 
calculated with emission and socioeconomic sce-
nario RCP 585, i.e., assuming no coordinated global 
climate change mitigation increases the global 
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anthropogenic forcing of 8.5 W/m2. At the same 
time, this scenario was selected due to its stronger 
climate signal, with the change expected for the 
next three decades being relatively similar to other 
SSP scenarios. Three climatic scenarios were ap-
plied with the model MRI-CGCM3 (Meteorological 
Research Institute, Japan), representing the small-
est rate of temperature change and virtually un-
changed precipitation over the main vegetation 
season. The MPI-ESM 1.2 (Max Planck Institute, 
Germany) projects a smaller rate of temperature 
increase by 2050 compared to MRI and almost 
unchanged precipitation compared to the base-
line over the April–September period. Finally, 
the CMCC-ESM (Centro Euro-Mediterraneo sui 
Cambiamenti Climatici, Italy) climate estimate 
leads to a considerably higher temperature increase 
with a marked precipitation reduction of up to 20% 
over the warm half-year. The selected scenarios 
varied from warm-dry to hot-dry scenarios, and 
the variability of temperature and precipitation 
during 1981–2100 is presented in Table 3.

RESULTS AND DISCUSSION

Crop yields evaluation

The average crop yields are presented in Table 4.
The obtained results showed that the lowest yields 

were on the straw harvested variant (SH) compared 
to straw incorporation (SI) and straw burnt (SB).

The RothC modelling

The modelling of SOC stock was realised for the 
depth of 0.30 m, according to European global levels 
(IPCC 2006, Panagos et al. 2013, Lugato et al. 2014, 
Yigini et al. 2017, Peralta et al. 2022).

In the monoculture of spring barley, a good fit 
between modelled and measured data was observed 
in all studied variants (Figure 1). When the straw 
was incorporated, the measured SOC stock was 
between 55 and 63 t/ha (RMSE = 7.6). When the 
straw was harvested, the measured SOC stock was 
50–60 t/ha (RMSE = 14.0). When the straw was 
burnt, the modelled SOC stocks were between 
58 to 70 t/ha (RMSE = 8.8) (Figure 1). The Norfolk 
crop rotation (Figure 2) also showed a good match 
between the measured and modelled data (RMSE = 
8.7). The development of SOC from 1972–2020 was 
almost the same as for monoculture, straw burnt. In 

the case of the Norfolk crop rotation, SOC stock was 
between 60–70 t/ha. It should also be mentioned the 
model for straw-harvested treatment (Figure 1B) 
underestimated the SOC content by approx. 20%, 
similarly for the variant with straw burning. The 
modelling uncertainty may be significant and affect 
the predictions. Dataset evaluation only according 
to RMSE may not always be accurate.

Prediction of climate conditions

The climatic scenario CMCC-ESM predicts the 
highest temperature increase with reduced pre-
cipitation during 2040–2100. On the other hand, 
the difference between the average temperature 
in MPI_ESM1.2 and MRI-CGCM3 is negligible. 
The development of temperature increases dur-
ing 2020–2100 differs in all selected scenarios, as 
is evident from Figure 3; the highest temperature 
increase has MRI during 2020–2040.

Prediction of SOC for monoculture of spring barley
Monoculture farming was modelled in four manage-

ment scenarios (A, B, C, D) during three climatic sce-
narios (MPI, MRI, CMSS) and temperature increase 
in 2022–2100. The projected development of SOC 
stock under the monoculture of spring barley with 
straw incorporation (management scenario A) and 
with straw incorporation and intercrops (management 
scenario D) during three different climate scenarios 

Table 3. Temperature (°C) and precipitation (mm) 
during the vegetation season for three used GCMs as 
estimated for the baseline (1981–2010) and individual 
decades up to 2100

Decade
T 

MRI × T 
T 

MPI
T 

CMSS

T P T P T P
1981–2010 16.6 316 16.6 316 16.6 316
2022–2030 18.5 300 17.5 317 17.8 270
2031–2040 19.0 320 18.1 314 18.9 271
2041–2050 19.2 322 18.5 316 19.5 261
2051–2060 19.6 321 19.2 314 20.9 248
2061–2070 19.8 304 19.6 311 21.6 243
2071–2080 20.1 296 20.4 314 22.5 243
2081–2090 20.8 301 21.2 322 23.3 248
2091–2100 21.3 310 21.9 304 23.9 261

MRI – warm-dry scenario; MPI – warm-dry scenario; 
CMSS – hot-dry scenario
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Table 4. Average crop yields in the monoculture of spring barley (Hordeum vulgare L.) and in the Norfolk crop 
rotation (Žabčice 1972–2020)

Year 
of 
experiment

Monoculture 
grain yield of spring barley (t/ha)

Norfolk crop rotation 
yield of crops (t/ha)

straw 
harvested

straw 
incorporated

straw 
burnt

average 
yield

crop in 
rotation

yield of crops 
(t/ha)

1972 3.93 4.06 4.18 4.06 red clover 11.34
1973 3.42 3.61 4.16 3.73 winter wheat 2.64
1974 4.36 5.52 5.31 5.06 spring barley 5.78
1975 4.69 5.04 5.21 4.98 maize for sillage 22.09
1976 5.29 5.76 5.20 5.42 spring barley 6.54
1977 5.06 4.40 4.15 4.54 red clover 5.28
1978 5.06 5.11 5.04 5.07 winter wheat 3.75
1979 4.60 4.75 4.79 4.71 sugar beet 49.41
1980 6.48 6.55 6.43 6.49 spring barley 7.47
1981 5.06 5.16 5.26 5.16 red clover* 7.22
1982 5.36 5.57 5.77 5.57 winter wheat 5.41
1983 5.38 5.85 5.77 5.67 spring barley 4.93
1984 5.13 5.22 5.95 5.43 sugar beet 45.67
1985 4.89 4.79 5.23 4.97 spring barley 6.29
1986 4.77 5.21 5.08 5.02 red clover* 8.44
1987 4.50 4.76 4.82 4.69 winter wheat 5.40
1988 4.64 4.77 5.39 4.93 sugar beet 37.56
1989 6.02 6.31 6.54 6.29 spring barley 6.08
1990 5.26 5.16 6.17 5.53 red clover* 13.11
1991 4.75 4.92 5.49 5.05 winter wheat 7.87
1992 5.04 4.85 6.11 5.33 spring barley 6.67
1993 2.64 3.40 4.73 3.59 sugar beet 41.20
1994 4.25 4.28 5.09 4.54 spring barley 6.14
1995 5.10 5.77 5.91 5.59 red clover* 11.57
1996 4.73 4.82 5.08 4.88 winter wheat 6.33
1997 4.40 4.72 5.08 4.73 sugar beet 44.15
1998 5.52 5.78 5.10 5.47 spring barley 5.93
1999 5.01 4.82 4.87 4.90 red clover* 12.80
2000 5.01 5.45 4.95 5.14 winter wheat 4.90
2001 3.97 4.35 4.24 4.19 spring barley 4.02
2002 4.04 4.75 5.14 4.64 maize for sillage 41.38
2003 5.46 5.53 5.60 5.53 spring barley 6.34
2004 7.05 6.97 7.26 7.09 red clover 5.44
2005 5.65 6.39 6.35 6.13 winter wheat 9.68
2006 2.89 3.08 3.35 3.11 grain maize 12.20
2007 2,99 3.07 3.37 3.14 spring barley 3.27
2008 8.06 8.27 8.47 8.27 red clover 2.63
2009 5.69 6.16 6.37 6.07 winter wheat 9.05
2010 6.32 7.14 7.18 6.88 grain maize 7.77
2011 7.75 8.02 8.19 7.99 spring barley 8.06
2012 3.21 3.49 3.93 3.54 Alexandrian clover 3.38
2013 6.95 6.96 6.99 6.97 winter wheat 7.87
2014 7.48 7.79 7.73 7.67 grain maize 12.80
2015 7.40 7.89 7.76 7.68 spring barley 7.32
2016 5.73 6.00 6.01 5.91 incarnate clover 2.60
2017 6.85 7.04 6.95 6.95 winter wheat 8.26
2018 4.68 4.86 4.75 4.76 grain maize 7.45
2019 6.66 6.92 6.33 6.64 spring barley 6.63
2020 7.56 7.58 7.38 7.51 alfalfa 11.50

Cereals – spring barley, winter wheat and maize for grain were harvested by a small plot combine harvester from the 
defined harvest area and the grain yield was recalculated to 14% moisture. The sugar beetroot, maize for silage and 
clovers – were harvested from the defined harvest area by manual sampling; the yield was recalculated – for sugar 
beetroot to t/ha, for mays for silage to harvest maturity for silage (t/ha), clovers yield was recalculated to dry matter 
(t/ha), *i.e. that red clover was harvested with cereal cover crop like mix of both
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(MPI, MRI, CMSS) is documented in Figure 4. The 
average spring barley yields for the straw harvested 
(SH) and straw incorporated (SI) were used as C input 
data for the RothC model. Management scenario A 
with current agrotechnical measures (= monoculture 
of spring barley with straw incorporation) showed 
that predicted SOC stock at first increased and, 
after 2065, gradually decreased. SOC stock did not 
exceed 62 t/ha. Considering sequestration dynamics 
(quantification of increases/decreases), it is clear 
that after the year 2065, this type of management 
will not be sustainable. Management scenario D 
with straw incorporation and intercrops represented 
sustainability during three climate scenarios (MPI, 
MRI, CMSS). When comparing A and D scenarios, 
SOC stock was approximately 56 t/ha (A) and 66 t/ha 
(D) at the end of the century (Figure 4). As it was 

calculated, the D management scenario with straw 
incorporation and intercrops represented a moderate 
SOC sequestration of approximately 0.09 t/ha/year. 
Considering sequestration dynamics in the D man-
agement scenario, it was concluded that this type 
of management will be sustainable even after 2065. 
SOC prediction models for the B and C manage-
ment scenarios are given in Figure 5. The manage-
ment scenario B with straw harvesting showed that 
SOC stock has rapidly decreased, and after 2065, 
the C stock was less than 45 t/ha. Considering se-
questration dynamics, this management was the 
worst and unsustainable. The soil became a source 

Figure 2. Modelled and measured soil organic carbon 
(SOC) stock for the Norfolk crop rotation (1972–2020)

Figure 3. Predicted climatic scenarios (MPI – warm-dry 
scenario; MRI – warm-dry scenario; CMSS – hot-dry 
scenario) and temperature (T) increase during the 
period 2022–2100
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Figure 1. Modelled and measured soil organic carbon 
(SOC) stock for the monoculture of spring barley, vari-
ant (A) straw-incorporated; (B) straw-harvested and 
(C) straw-burnt (1972–2020)
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of carbon, and deterioration is taking place. With 
straw harvesting and yearly intercrops incorpora-
tion, management scenario C indicated the gradual 
decrease of SOC stock to the value of 50 t/ha. When 
comparing B and C scenarios, higher SOC stock had 
intercrop incorporation (scenario C). Considering 
the effect of different climatic conditions on SOC 
stock, it was found that the highest SOC stock was 
under the MRI-CGCM3 (Meteorological Research 
Institute, Japan) scenario, representing the smallest 
rate of temperature change and virtually unchanged 
precipitation over the main vegetation season. The 
MPI and CMSS scenarios showed a decrease in SOC 
stock. Many authors documented that the highest 
carbon accumulation is in warm and wet climatic 
conditions and the lowest in dry and hot climatic 
conditions (Yigini et al. 2017, Wiesmeier et al. 2019, 
Ledo et al. 2020). According to Wang et al. (2021), 
intercrops may also positively affect SOC stock 

(Poeplau and Dan 2015, Valkama et al. 2020, Seitz 
et al. 2022). As it is evident, the current soil carbon 
status, agricultural management and climate changes 
are widely discussed today because of removing car-
bon dioxide (CO2) from the atmosphere through the 
natural system and sequestering it in soil (Campbell 
and Paustian 2015, Rogers et al. 2019, Valkama et al. 
2020). According to Web et al. (2003), the increase 
in air temperature can affect the mineralisation rate 
and slow down humification processes. The influ-
ence of carbon sequestration on SOC stock has been 
confirmed by other authors (Allen et al. 2013, Koven 
et al. 2017, Ledo et al. 2020). Whether arable soil is 
a sink or source of organic carbon depends on vari-
ous factors, including soil type and texture, existing 
organic carbon levels, agricultural practices, crop 
rotations over a period, tillage systems, soil depth, 
amount and quality of crop residues and organic 
matter sources, fertilisation practices and climatic 

  
Figure 4. Projected development of soil organic carbon (SOC) stock under monoculture of spring barley with 
(A) straw incorporation (management scenario A) and with straw incorporation and intercrops (management 
scenario D) and (B) straw harvesting (management scenario B) and with straw harvesting and intercrops (man-
agement scenario C) during three different climate scenarios (MPI – warm-dry scenario; MRI – warm-dry 
scenario; CMSS – hot-dry scenario)

  

(A)

(B)
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conditions etc. (Baldock and Skjemstad 1999, Song 
et al. 2014, Banwart et al. 2015, Kunlanit et al. 2019).

The Norfolk crop sequence was modelled in six 
scenarios (A, B, C, D, E, F) and three different climate 
scenarios (MPI, MRI, CMSS) (Figure 5). Management 
scenario (A) – maize grain, spring barley, alfa-alfa, 
and winter wheat. Furthermore, grain maize bark 
and FYM 25 t/ha were incorporated, but barley straw 
and wheat straw were harvested. The SOC stock was 
lower compared with the B scenario with the same 
management but FYM 40 t/ha. The lowest stock was 
in the case of scenario (C) with straw incorpora-
tion but no FYM input. Management scenario (D) 
with the straw and intercrops incorporation showed 
higher SOC stock compared with the (A), (B), and 

(C) scenarios. Management scenario (E) with grain 
maize and intercrops incorporation, FYM 40 t/ha 
application, but barley and wheat straw harvesting 
showed higher SOC stock compared with the (A), 
(B), (C), and (D) scenarios. Management scenario (F) 
with grain maize bark, FYM 40 t/ha, intercrops, and 
wheat straw incorporation showed the highest SOC 
stock. The average SOC stock in Europe varies from 
40 to 600 t/ha, depending on soil type, texture, and 
land use (Dechow et al. 2019). Obtained results for the 
monoculture of spring barley were lower (40–66 t/ha). 
The Norfolk crop rotation showed higher carbon se-
questration at approximately 70–100 t/ha (Figure 5). 
In Switzerland, SOC stock in arable soil at above 
50 t/ha (Wust-Galey et al. 2020), in Belgium at about 

 

 

 Figure 5. Projected development of soil organic carbon (SOC) stock in Norfolk crop rotation under 6 manage-
ment scenarios (A–F) and (A) MPI (warm-dry scenario); (B) MRI (warm-dry scenario) and (C) CMSS (hot-dry 
scenario) climatic scenario

(A)

(B)

(C)
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55 t/ha (Chartin et al. 2017), and in Germany at about 
60 t/ha (Dechow et al. 2019). It should be stressed 
that (E) and (F) management scenarios for Norfolk 
represented during all selected climate scenarios 
(MPI, MRI, CMSS) the highest future sustainability. 
On the other hand, low sustainability showed (A) 
and (C) management scenarios during all selected 
climate scenarios (MPI, MRI, CMSS). The carbon 
accumulation potential of studied Gleyic Fluvisol 
Clayic was depending mainly on crop management, 
crop residues and organic matter inputs. Carbon 
sequestration in studied soil was less influenced 
by climate change and more by agrotechnical prac-
tices. All modelled management scenarios confirmed 
that increased carbon sequestration is impossible 
without exogenous organic materials application, 
an appropriate crop rotation, and an effective straw 
management strategy. The application of RothC-26.3 
was also useful for carbon stock projection in the 
long- and short-term modes under different manage-
ment and climatic scenarios.

REFERENCES

Allen D., Pringle M.J., Bray S., Hall J., O’Reagain P.O., Phelps D., 
Cobon D.H., Bloesch P.M., Dalal R.C. (2013): What determines 
soil organic carbon stocks in the grazing lands of north-eastern 
Australia? Soil Research, 51: 695−706.

Baldock J.A., Skjemstad J.O. (1999): Soil organic carbon/soil or-
ganic matter. In: Peverill K.I., Sparow L.A., Reuter D.J. (eds): Soil 
Analysis: An Interpretation Manual. Collingwood, CSIRO Pub-
lishing, 159−170. ISBN: 0643063765

Balesdent J., Chenu C., Balabane M. (2000): Relationship of soil 
organic matter dynamics to physical protection and tillage. Soil 
and Tillage Research, 53: 215–230.

Barančíková G., Makovníková J., Skalský R., Tarasovičová Z., 
Nováková M., Halas J., Koco Š., Gutteková M. (2013): Changes 
in organic carbon pool in agricultural soils and its different de-
velopment in individual agro-climatic regions of Slovakia. Agri-
culture, 59: 9−20.

Banwart S.A., Black H., Cai Z., Gicheru P., Joosten H., Victoria R., 
Milne E., Noellemeyer E., Pascual U. (2015): Soil Carbon Sci-
ence, Management and Policy for Multiple Benefits. Scope Series 
Vol. 71. Wallingford, CAB International.

Camino-Serrano M., Guenet B., Luyssaert S., Ciai P., Bastrikov 
V., De Vos B., Gielen B., Gleixner G., Jornet-Puig A., Kaiser K., 
Kothawala D., Lauerwald R., Peñuelas J., Schrumpf M., Vicca S., 
Vuichard N., Walmsley D., Janssens I.A. (2018): ORCHIDEE-
SOM: modelling soil organic carbon (SOC) and dissolved organ-
ic carbon (DOC) dynamics along vertical soil profiles in Europe. 
Geoscientific Model Development, 11: 937–957.

Campbel E.E., Paustian K. (2015): Current developments in soil or-
ganic matter modelling and the expansion of model applications: 
a review. Environmental Research Letters, 10: 123004.

Chartin C., Stevens A., Goidts E., Krüger I., Carnol M., van Wese-
mael B. (2017): Mapping soil organic carbon stocks and esti-
mating uncertainties at the regional scale following a legacy 
sampling strategy (Southern Belgium, Wallonia). Geoderma Re-
gional, 9: 73–86.

Chevallier T., Hamdi S., Gallali T., Brahim N., Cardinel R., Bou-
nouara Z., Cournac L., Chenu C., Bernoux M. (2016): Soil car-
bon as an indicator of Mediterranean soil quality. In: Moatti 
J.P., Thiébault S. (eds.): The Mediterranean Region under Cli-
mate Change. A scientific update "Sub-chapter 3.5.3". Marseille, 
French National Alliance for Environmental Research, 627–636.

Coleman K., Jenkinson D.S., Crocker G.J., Grace P.R., Klir J., Kör-
schens M., Poulton P.R., Richter D.D. (1997): Simulating trends in 
soil organic carbon in long-term experiments using RothC-26.3. 
Geoderma, 81: 2944.

Coleman K., Jenkinson D.S. (1996): RothC-26.3 – A model for the 
turnover of carbon in soil. In: Powlson D.S., Smith P., Smith J.U. 
(eds.): Evaluation of Soil Organic Matter Models. Berlin, Heidel-
berg, Springer, 237–246.

Coleman K., Jenkinson D.S. (2005): ROTHC-26.3 – A model for the 
turnover of carbon in the soil. Model description and windows 
users’ guide, November 1999 issue, 45. (modified April 2005)

Dechow R., Franko U., Kätterer T., Kolbe H. (2019): Evaluation of 
the RothC model as a prognostic tool for the prediction of SOC 
trends in response to management practices on arable land. Geo-
derma, 337: 463–478.

Eckelman W., Baritz R., Bialousz S., Carre F., Jones R., Kibblewithe 
M., Kozak J., Le Bas C., Toth G., Varallyay G., Halla M.Y., Zupan 
M. (2006): Common Criteria for Risk Area Identification accord-
ing to Soil Threats. European Bureau Report No. 20. EUR 22185 
EN. Luxembourg, Office for Official Publications of the Euro-
pean Communities, 94. 

Falloon P., Smith P. (2002): Simulating SOC changes in long-term 
experiments with RothC and century: model evaluation for re-
gional scale application. Journal of Soil Use and Management, 
18: 101−111.

Falloon P., Smith P., Coleman K., Marshall S. (1998): Estimating the 
size of the inert organic matter pool from total soil organic car-
bon content for use in the Rothamsted carbon model. Journal of 
Biology and Biochemistry, 30: 1207−1211.

Falloon P., Smith P., Coleman K., Marshall S. (2000): How impor-
tant is an inert organic matter for predictive soil carbon model-
ling using the Rothamsted carbon mode? Journal of Biology and 
Biochemistry, 32: 433−436.

Finke P., Opolot E., Balesdent J., Berhe A.A., Boeckx P., Cornu S., 
Harden J., Hatté C., Trumbore S., Willians E., Doettrl S. (2019): 
Can SOC modelling be improved by accounting for pedogenesis? 
Geoderma, 338: 513−524.

542

Original Paper	 Plant, Soil and Environment, 69, 2023 (11): 532–544

https://doi.org/10.17221/291/2023-PSE



Francaviglia R., Di Bene C., Farina R., Salvati L., Vincernte-Vincente 
J.L. (2019): Assessing "4 per 1 000" soil organic carbon storage rates 
under Mediterranean climate: a comprehensive data analysis. Miti-
gation and Adaptation Strategies for Global Change, 24: 795–818.

Hamza M.A., Anderson W.K. (2005): Soil compaction in cropping 
systems. A review of the nature, causes and possible solutions. 
Soil and Tillage Research, 82: 121–145.

Hábová M., Pospíšilová L., Hlavinka P., Trnka M., Barančíková G., 
Tarasovičová Z., Takáč J., Koco Š., Menšík L., Nerušil P. (2019): 
Carbon pool in soil under organic and conventional farming sys-
tems. Soil and Water Research, 14: 145−152.

Guo L.B., Gifford R.M. (2002): Soil carbon stocks and land use 
change: a meta analysis. Global Change Biology, 8: 345–360.

Guo L.B., Wang M., Gifford R.M. (2007): The change of soil carbon 
stocks and fine root dynamics after land use change from a native 
pasture to a pine plantation. Plant and Soil, 299: 251–262.

IUSS Working Group WRB (2022): World Reference Base for Soil 
Resources. International Soil Classification System for Naming 
Soils and Creating Legends for Soil Maps. 4th Edition. Vienna, 
International Union of Soil Sciences.

IPCC (2006): The Intergovernmental Panel on Climate Change 
(IPCC) – Eggelston S., Buendia L., Miwa K., Ngara T., Tanabe K. 
(eds.). Kanagawa, Institute for Global Environmental Strategies.

Jenkinson D.S., Meredith J., Kinyamario J., Waren G., Wong M.H., 
Harkness D.D., Bol R., Coleman K. (1999): Estimating net prima-
ry production from measurements made on soil organic matter. 
Ecology, 80: 2762−2773.

Koven C., Hugelius G., Lawrence D.M., Wiede W. (2017): Higher 
climatological temperature sensitivity of soil carbon in cold than 
warm climates. Nature Climate Change, 7: 817.

Kowalska N., Šigut L., Stojanović M., Fisher M., Kysselka I., Pavelka 
M. (2020): Analysis of floodplain forest sensitivity to drought. 
Philosophical Transactions of the Royal Society B, 375: 20190518.

Kunlanit B., Butnan S., Vityakon P. (2019): Land-use changes in-
fluencing C sequestration and quality in topsoil and subsoil. 
Agronomy, 9: 520.

Ledo A., Smith P., Zerihun A., Whiteker J., Vincente-Vincente J.L., 
Qin Z., McNamara N.P., Zinn Y., Liorente M., Liebig M., Kuhnert 
M., Dondini M., Don A., Diaz-Pines E., Datta A., Bakka H., Agu-
ilera E., Hillier J. (2020): Changes in soil organic carbon under 
perennial crops. Global Change Biology, 26: 4158−4168.

Lorenz K., Lal R. (2005): The depth distribution of soil organic car-
bon in relation to land use and management and the potential of 
carbon sequestration in subsoil horizons. Advances of Agrono-
my, 88: 35−66.

Lugato E., Panago P., Bampa F., Jones A., Montanarella L. (2014): A 
new baseline of organic carbon stock in European agricultural soils 
using a modelling approach. Global Change Biology, 20: 313−326.

Maillard E., Angers D. (2014): Animal manure application and soil 
organic carbon stocks: a meta-analysis. Global Change Biology, 
20: 666–679.

Němeček J., Muhlhanselová M., Macků J., Vokoun J., Vavříček D., 
Novák P. (2011): Taxonomic Soil Classification System of the 
Czech Republic. 2nd Edition. Prague, Czech University of Life 
Sciences Prague. (In Czech)

Panagos P., Hiederer R., van Liedekerke M., Bamp F. (2013): Es-
timating soil organic carbon in Europe based on data collect-
ed through an European network. Ecological Indicators, 24: 
439−450.

Peralta G., Di Paolo L., Luotto I., Omuto C., Mainka M., Viatkin 
K., Yigini Y. (2022): Global Soil Organic Carbon Sequestration 
Potential Map (GSOCseq v1.1) – Technical Manual. Rome, Food 
and Agriculture Organisation of the United Nations.

Paramesh V., Ravisankar N., Behera U., Arunachalam V., Kumar P., 
Rajkumar R.S., Misra S.D., Kumar R.M., Prusty A.K., Jacob D., 
Panwar A.S., Mayenakr T., Reddy V.S., Rajkumar S. (2022): Inte-
grated farming system approaches to achieve food and nutrition-
al security for enhancing profitability, employment, and climate 
resilience in India. Food and Energy Security. doi.org/10.1002/
fes3.321 (In Press)

Pohanková E., Hlavinka P., Takáč J., Žalud Z., Trnka M. (2015): 
Calibration and validation of the crop growth Model DAISY for 
spring barley in the Czech Republic. Acta Universitatis Agricul-
turae et Silviculturae Mendelianae Brunensis, 4: 1177−1186.

Poeplau C., Don A. (2015): Carbon sequestration in agricultural so-
ils via cultivation of cover-crops. A meta-analysis. Agriculture, 
Ecosystems and Environment, 200: 33–41.

Prokopyeva K., Romanenkov V., Sidorenkova N., Pavlova V., Siptits 
S., Krasilnikov P. (2021): The effect of crop rotation and cultivation 
history on predicted carbon sequestration in soils of two experi-
mental fields in the Moscow Region, Russia. Agronomy, 11: 226.

Rogers D., Setzler B., Chiu Y.W. (2019): Using plant advances in 
environmental studies. Advances in Environmental Studies, 3: 
191–197.

Seitz D., Fischer L., Dechow R., Wiesmeier M., Don A. (2022): The 
potential of cover crops to increase soil organic carbon storage in 
German croplands. Plant and Soil, 488: 157–173.

Smith J., Smith P., Wattenbach M., Gottschalk P., Romanenkov 
V.A., Sevcova L.K., Sirotenko O.D., Rukhovic D.I., Korolova P.V., 
Romanenko I.A., Lisovoj N.V. (2007): Projected changes in the 
organic carbon stocks of cropland mineral soils of European 
Russia and the Ukraine 1990–2070. Global Change Biology, 13: 
342−354.

Smith P., Smith J.U., Powlson D.S., McGill W.B., Arah J.R.M., Cher-
tov O.G., Coleman K., Franko U., Frolking S., Jenkinson D.S., 
Jensen L.S., Kelly R.H.M., Klein-Gunnewiek R., Komarov A.S., 
Li C., Molina J.A.E., Mueller T., Parton W.J., Thorney J.H.M., 
Whitmore A.P. (1997): A comparison of the performance of nine 
soil organic matter models using datasets from seven long-term 
experiments. Geoderma, 81: 153−225.

Song X.Y., Liu S.T., Liu Q.H., Zhang W.J., Hu C.G. (2014): Carbon 
sequestration in soil humic substances under long-term fertili-

543

Plant, Soil and Environment, 69, 2023 (11): 532–544	 Original Paper

https://doi.org/10.17221/291/2023-PSE



zation in a wheat-maize system from North China. Journal of 
Integrative Agriculture, 13: 562–569.

Tayebi M., Rosas J.T.F., De Sousa Mendes W., Poppiel R.R., Ostovari 
Y., Ruiz L.F.Ch., Dos Santos N.V., Cerri C.E.P., Silva S.H.G., Curi 
N., Silvero N.E.Q., Dematté J.A.M. (2021): Drivers of organic car-
bon stocks in different LULC history and along soil depth for 
a 30 years image time series. Remote Sensing, 13: 2223.

Valkama E., Kunypiyaeva G., Zhapayev R., Karabayev M., 
Zhusupbekov E., Perego A., Schillaci C., Sacco D., Moretti B., 
Grignani C., Acutis M. (2020): Can conservation agriculture in-
crease soil carbon sequestration? A modelling approach. Geo-
derma, 369: 114298.

Van Wesemael B., Paustian K., Meersmans J., Goidts E., Barančíková 
G., Easter M. (2010): Agricultural management explains historic 
changes in regional soil carbon stocks. Proceedings of the Na-
tional Academy of Sciences of the United States of America, 107: 
14926−14930.

Viscarra Rossel R.A., Brus D.J., Lobsey C., Shis Z., McLachlan G. 
(2016): Baseline estimates of soil organic carbon by proximal 

sensing: comparing design-based, model- assisted and model-
based inference. Geoderma, 265: 152−163.

Wang Q., Liu X., Li J., Yang X., Guo Z. (2021): Straw application 
and soil organic carbon change: a meta-analysis. Soil and Water 
Research, 16: 112−120.

Webb J., Bellamy P., Loveland P.J., Goodlass G. (2003): Crop resi-
due returns and equilibrium soil organic carbon in England and 
Wales. Soil Science Society of America Journal, 67: 929–936.

Wiesmeier M., Urbanski L., Hobley E., Lang B., Von Lutzow M., Ma-
rin-Spiotta E., Van Wasemael B., Rabot E., Liess M., Garcia-Franco 
N., Wollschlager U., Vogel H.J., Kogel-Knabner I. (2019): Soil or-
ganic carbon storage as a key function of soils – a review of drivers 
and indicators at various scales. Geoderma, 333: 149–169.

Wust-Galey C., Keel C.G., Leifeld J. (2020): A model based car-
bon inventory for Switzerland’s mineral agricultural soils using 
RothC. Agroscope Science, 105: 115.

Yigini Y., Montanarella L., Panagos P. (2017): European Contribu-
tion towards a global assessment of agricultural soil organic car-
bon stock. Advances in Agronomy, 142: 385−410.

Received: July 18, 2023
Accepted: October 16, 2023

Published online: November 22, 2023

544

Original Paper	 Plant, Soil and Environment, 69, 2023 (11): 532–544

https://doi.org/10.17221/291/2023-PSE


