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Abstract

Soil organic carbon (SOC) represents a key indicator of soil health, fertility, and the capacity of
agroecosystems to contribute to climate change mitigation through carbon sequestration. Within the
framework of the CARBONICA project, this study evaluates SOC dynamics in barley (Hordeum vulgare L.) and
chickpea (Cicer arietinum L.) cultivated under _contrasting management systems, carbon farming (CF) and
conventional practices, across representative pilot sites in North Macedonia.

Soil sampling was conducted from the 0-20 cm layer using a stratified composite approach that accounted
for crop type and management regime. Soil organic carbon (SOC) content was determined using the validated
Walkley-Black method, focusing onthe biologically active organic carbon fraction, while total nitrogen (TN)
was quantified using the Kjeldahl method. Experimental setups included four treatment variants: chickpea
under CF (B2) and conventional management (B3), and barley under conventional (B4) and CF practices (B5).

The results revealed distinct temporal and management-dependent patterns in SOC dynamics. In
barley systems, SOC declined during the monitoring period under conventional management, decreasing
from 1.34% at the start-point to 0.89% at the end-point. In contrast, carbon-farming practices promoted a
substantial increase in SOC, from 1.25% to 1.68%, indicating enhanced carbon sequestration potential.
Similar trends were observed in chickpea systems, where SOC under CF increased from 1.18% to 1.57%, while
conventional management resulted in a decline from 1.22% to 0.91%. Total nitrogen exhibited distinct crop-
and management-dependent dynamics. In barley, TN decreased from 1.27 to 1.01 mg g” under conventional
management but increased from 1.28 to 1.36 mg g™ under carbon-farming practices. In contrast, chickpea
showed progressive nitrogen enrichment throughout the growing season, reaching 1.41 and 1.45 mg g™ under
conventional and carbon-farming management, respectively.

The study provides region-specific evidence supporting the implementation of regenerative agricultural
practices for improving soil quality, increasing carbon storage, and promoting sustainable land management
in North Macedonia.

Key words: soil organic carbon, nitrogen, carbon farming, barley, chickpea, sustainable agriculture, North
Macedonia.

INTRODUCTION
Soils constitute one of the most important  availability, structural stability, and long-term
natural = resources supporting agricultural ecosystem resilience (Veum et al, 2014; Sofo
production, ecosystem functioning, and et al, 2022; Sakin et al., 2024). As the largest

environmental sustainability (Bhaduri et al.,
2022). Among the numerous indicators used to
assess soil quality, soil organic carbon (SOC) is
widely recognized as a key parameter reflecting
soil fertility, biological activity, nutrient

terrestrial carbon reservoir, soils contain more
carbon than the atmosphere and vegetation
combined, making SOC a central component of
both global biogeochemical cycles and climate-
change mitigation strategies. Consequently,



Biljana Balabanova, Verica llieva, Sasa Mitrev, Blagoja Mukanov, Mario Petkovski,

Jovana Milosavljeva

the preservation and enhancement of SOC
stocks have become major priorities within
international environmental policies, sustainable
agricultural frameworks, and climate-neutral
development agendas.

The growing concern regarding global
climatechangehasintensifiedscientificinterestin
agricultural soilsas potential carbon sinks capable
of contributing to greenhouse-gas mitigation
(Ekka et al., 2023). The agricultural sector is
simultaneously affected by and contributes
to climate change through greenhouse-gas
emissions, soil degradation, biodiversity loss,
and declining ecosystem services (Rehman
et al., 2022; Pereira et al.,, 2025). In response,
international initiatives such as the Paris Climate
Agreement, the European Green Deal, the Farm-
to-Fork Strategy, and the “4 per 1000 Initiative
have emphasized the strategic importance of
increasing carbon sequestration in agricultural
soils. These policy frameworks recognize SOC
not only as an indicator of soil quality but also
as a measurable tool for improving climate
resilience, enhancing agricultural sustainability,
and supporting ecosystem restoration (Kamyab
etal., 2024).

Despite its importance, SOC has been
continuously declining in..many agricultural
regions worldwide due to intensive land-use
practices.Conventionalagriculturalsystemsoften
rely on intensive tillage, simplified crop rotations,
residue removal, excessive soil disturbance,
and inadequate organic matter replenishment
(Gebeyehu et al., 2017). Such practices accelerate
the mineralization of “soil. organic matter,
increase carbon losses through oxidation, reduce
aggregate stability, and enhance susceptibility
to erosion processes. Long-term depletion of
SOC adversely. affects soil productivity, water-
retention capacity, nutrient cycling, microbial
diversity, and. overall ecosystem functioning.
Recent studies indicate that the restoration of
SOC stocks represents one of the most effective
approaches for simultaneously improving
agricultural productivity and environmental
sustainability while strengthening the resilience
of farming systems under increasingly variable
climatic conditions (Chatterjee et al., 2020; Xiang
etal., 2022; Han et al., 2023; Liu et al., 2023; Ma et
al., 2023; Siddique et al., 2024; Alvyra et al., 2025;
Huang et al., 2026).

Within this context, carbon farming has
emerged as an innovative and science-based

approach for integrating climate mitigation
objectives into agricultural production systems
(Sarmah & Bora, 2025). Carbon farming
encompasses a range of management practices
designed to increase carbon capture and
storage in soils and biomass while maintaining
economically viable agricultural ‘production.
Common carbon-farming measures include
conservation tillage, reduced soil disturbance,
residue retention, cover cropping, diversified
crop rotations, optimized nutrient management,
agroforestry systems, and practices aimed.at
enhancing soil biological activity (Loria & Lal,
2025). Numerous studies have demonstrated
that these approaches can significantly improve
soil carbon sequestration, soil structure, water-
use efficiency, nutrient retention, and microbial
biodiversity.  Furthermore,. carbon-farming
systems have been associated with increased
resilience to drought, reduced erosion risk, and
improved long-term sustainability of agricultural
landscapes (Sarmah & Bora, 2025).

The effectiveness of carbon-farming
practices largely depends on local agroecological
conditions, soil characteristics, climatic factors,
and crop selection (Bayata & Mulatu, 2024).
Different crop species contribute differently
to SOC accumulation through variations in
biomass production, root architecture, residue
quality, rhizosphere interactions, and nutrient
cycling processes. Consequently, crop-specific
assessments are essential for understanding the
mechanisms governing soil carbon dynamics

under contrasting management systems
(Piscitelli et al., 2023).
Barley (Hordeum vulgare L) represents

one of the most widely cultivated cereal
crops in temperate and semi-arid agricultural
regions. Due to its adaptability to diverse
environmental conditions, relatively high
biomass production, and extensive root system,
barley has considerable potential to contribute
to carbon inputs in agricultural soils. However,
the extent of SOC accumulation in barley-based
systems is strongly influenced by management
practices, residue incorporation, and the degree
of soil disturbance. Conservation-oriented
management approaches have been reported
to improve carbon retention and aggregate
stabilization in cereal production systems,
thereby enhancing both soil quality and crop
productivity (Babaeian et al., 2023).

In contrast, chickpea (Cicer arietinum L.)
is among the most important grain legumes
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cultivated under Mediterranean and semi-arid
conditions. Leguminous crops play a particularly
important role in sustainable agriculture due
to their capacity for biological nitrogen fixation
and their positive effects on soil fertility.
Through symbiotic associations with nitrogen-
fixing microorganisms, chickpea contributes to
improved nutrient cycling, reduced dependency
on synthetic fertilizers, enhanced microbial
activity, and greater stabilization of soil organic
matter. Previous studies have suggested
that legume-based cropping systems may
promote SOC accumulation through increased
root-derived carbon inputs and stimulation
of rhizosphere processes, particularly when
combined with conservation agricultural
practices (Rabbi et al., 2018; Chakrabarti et al.,
2020;Lamichaney et al., 2021; Rahman et al.,
2026).

The Western Balkan region, including
North Macedonia, is increasingly exposed to
the consequences of climate variability, land
degradation, soil erosion, and declining soil
organic matter levels. Many agricultural soils in
the region are characterized by relatively low
organic carbon content, particularlyinintensively
managed arable lands where  prolonged
cultivation and conventional management
have accelerated organic matter depletion.
Despite the growing international evidence
supporting carbon-farming practices, scientific
information regarding their effectiveness under
the specific agroecological conditions of North
Macedonia remains limited. The generation of
locally relevant data is therefore essential for

supporting evidence-based agricultural policies,
climate-adaptation strategies, and sustainable
land-management initiatives.

The CARBONICA project was established to
address this knowledge gap by evaluating the
implementation of carbon-farming  practices
under representative agricultural * production
systems in North Macedonia (Balabanova et al,;
2025). Within this framework, the present study
investigates the dynamics of soil organic carbon
in barley and chickpea cultivated under carbon-
farming and conventional management systems.
Particular emphasis was placed on-monitoring
temporal changes in SOC. throughout the
vegetation period and evaluating the capacity of
carbon-farming practices to enhance soil carbon
accumulation under regional agroecological
conditions (Neofytou et al., 2024; Kitsou et al.,
2025).

The working hypothesis of this study was
that carbon-farming management practices
would promote greater SOC retention and
accumulation compared to conventional
agricultural ‘practices, regardless of crop type,
while crop-specific responses would reflect
differences in biomass production, residue
quality, and biological interactions within the
soil environment. The results are expected
to contribute to the scientific understanding
of SOC dynamics in Southeastern European
agroecosystems and provide practical evidence
supporting the broader adoption of climate-
smart and regenerative agricultural practices.

MATERIAL AND METHODS

Study area and experimental design

The present investigation was conducted
within the framework of the CARBONICA
project (Carbon Initiative for Climate-Resilient
Agriculture), aiming to evaluate the effectiveness

of carbon-farming practices in improving
soil quality and enhancing soil organic
carbon sequestration under representative

agroecological conditions in North Macedonia.
The field experiment was established at pilot
agricultural plots managed under contrasting
production systems, namely carbon farming
(CF) and conventional agricultural management
(CONV). Two economically important crop

species were selected as model systems: barley
(HordeumvulgarelL.) and chickpea (Cicer arietinum
L.). Both crops represent important components
of regional crop production systems and provide
distinct biological characteristics influencing
soil carbon dynamics. The experimental area
was divided into four treatment variants: B2 -
Chickpea under carbon-farming management;
B3 - Chickpea under conventional management;
B4 - Barley under conventional management; B5
- Barley under carbon-farming management.
Each experimental plot covered
approximately 0.25 ha and was managed
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according to predefined agronomic protocols
throughout the vegetation period. Conventional
management followed standard regional
agricultural  practices, including  mineral
fertilization, conventional soil preparation, and
routine crop management measures. Carbon-
farming treatments incorporated regenerative
agricultural practices designed to enhance soil
carbon sequestration and improve soil health.
Thesepracticesincludedreducedsoildisturbance,
increased residue retention, optimization of
nutrient management, stimulation of biological
activity, and the incorporation of plant biomass
into the soil after harvest. The experiment was
monitored throughout the entire vegetation
cycle, allowing the assessment of temporal
changes in soil organic carbon and associated
agrochemical parameters under different
management systems.

Soil sampling strategy

Soil sampling was conducted at pilot sites
located in Amzabegovo, Sveti Nikole region,
North Macedonia (41°48'46.87"N 21°59'56.57"E),
characterized by a semi-arid continental climate
with hot, dry summers and moderate annual
precipitation. The experimental fields are
situated on agricultural soils classified according
to the World Reference Base (WRB) as Calcaric
Cambisols, representative of the dominant soil
resources in the Ovce Pole agricultural region.
Soil samples were collected from the 0-20 cm
layer at three critical stages of crop development:
start-point (beginning of vegetation), mid-point
(active vegetation stage), and end-point (post-
harvest assessment).

Sampling was performed using a stratified
composite approach that accounted for crop
type and management regime. Within each
experimental. plot, multiple subsamples were
collected from randomly selected points and
combined into  representative composite
samples. SOC content was determined using
the validated Walkley-Black method, focusing
on the biologically active organic carbon
fraction. Experimental setups included four
treatment variants: chickpea under CF (B2) and
conventional management (B3), and barley
under conventional (B4) and CF practices (B5).

Agrochemical soil characterization

A comprehensive agrochemical char-
acterization of soil samples was performed
to evaluate the influence of crop type and
management system on soil quality. Soil

reaction was determined as pH(H,0) and pH(KCI)
using calibrated pH electrodes. Measurements
were performed in soil suspensions prepared
according to standard analytical procedures.
Electrical conductivity (EC) was determined in
aqueous soil extracts and expressed as mS/ cm,
providing information regarding soluble salt
content and general soil chemical status.

Total nitrogen (TN) content was determined
using the Kjeldahl method. Soil samples
were subjected to sulfuric acid digestion in
the presence of catalytic reagents, followed
by ammonia distillation and _titrimetric
quantification. Results were expressed as mg/g
dry soil.  Available phosphorus (P,Os) and
potassium (K,O) were determined using standard
soil extraction procedures routinely applied
in agrochemical laboratories. Quantification
was performed using spectrophotometric and
instrumental analytical techniques, respectively,
and the results were expressed as mg/100 g soil.

The obtained agrochemical data were used
to assess nutrient dynamics and evaluate the
influence of carbon-farming practices on soil
fertility throughout the experimental period.

Determination of soil organic carbon

The  primary  analytical parameter
investigated in this study was soil organic
carbon (SOC). SOC was determined using the
validated Walkley-Black wet oxidation method,
a widely accepted procedure for quantifying the
biologically active fraction of soil organic carbon
(Balabanova et al., 2024; Piperevski & Balabanova,
2026). The method is based on oxidation of
organic matter by potassium dichromate
(K,Cr,0;) in the presence of concentrated sulfuric
acid. Briefly, a known mass of finely ground soil
was treated with a standardized potassium
dichromate solution and concentrated sulfuric
acid. Following the oxidation reaction, the
excess dichromate was quantified by titration
using a standardized ferrous ammonium sulfate
solution. The amount of oxidized organic carbon
was calculated stoichiometrically and expressed
as a percentage SOC. The Walkley-Black
procedure was selected due to its suitability
for monitoring management-induced changes
in soil organic carbon and its widespread
application in agricultural and environmental
studies (Piperevski & Balabanova, 2026).
Quality assurance and quality control

Quiality assurance (QA) and quality control
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(QQ) procedures were implemented throughout
all stages of sampling, sample preparation, and
laboratory analysis to ensure the reliability,
accuracy, and traceability of the generated
data. All analytical activities were conducted
at the UNILAB Research Laboratory, Faculty
of Agriculture, Goce Delcev University, Stip,
following standardized operating procedures
developed in accordance with the principles of
ISO/IEC 17025 for testing laboratories.

To minimize analytical uncertainty and
ensure data integrity, laboratory quality control
measures included the analysis of reagent
blanks, duplicate sample preparation and
measurement, calibration verification checks,
and routine performance monitoring of
analytical equipment. All reagents used were of
analytical grade, while laboratory glassware and
measuring devices were subjected to regular
verification and maintenance procedures.

Particular attention was devoted to the
determination of soil organic carbon using.the
Walkley-Black method. Method performance
was continuously assessed through replicate
analyses, evaluation of analytical precision,
and verification of reagent stability. Quality
assurance and quality control (QA/QCQC)
procedures were implemented throughout
the analytical process following the laboratory
validation protocol described by Piperevski and
Balabanova (2026). Method performance was
evaluated through replicate analyses, recovery
studies, and precision assessment. The validated
Walkley-Black procedure demonstrated
satisfactory repeatability, with relative standard
deviation (RSD) values below 5% for replicate
measurements. Recovery rates obtained from
certified reference and spiked soil samples
ranged between 95% and 105%, confirming
the accuracy of the method. Duplicate sample
analyses showed deviations lower than 5%,
which was adopted as the acceptance criterion
for. analytical precision. Method blanks were

routinely included to monitor potential
contamination, and all analytical results fulfilled
the established QA/QC acceptance criteria. These
validation parameters confirmed the reliability
and suitability of the method for monitoring soil
organic carbon dynamics under field conditions
(Piperevski & Balabanova, 2026).

Analytical ~ traceability ~was ensured
through documented laboratory " procedures,
controlled sample handling, standardized
data recording, and systematic verification of
analytical calculations. The generated results
were evaluated with respect to. precision,
repeatability, and consistency prior to statistical
processing. These quality assurance measures
provided confidence in the reliability of the
obtained soil organic carbon and agrochemical
dataand ensured their suitability for subsequent
interpretation of management-induced changes
under carbon-farming and conventional
agricultural systems.

Data processing and statistical evaluation

Experimental data were processed using
descriptive  statistical methods. Temporal
changes in soil organic carbon and agrochemical
parameters were evaluated by comparing start-
point, mid-point, and end-point measurements
for each treatment variant. Relative changes
(%) were calculated to assess the effectiveness
of carbon-farming practices in comparison
with  conventional management systems.
Particular emphasis was placed on evaluating
management-dependent SOC dynamics in
barley and chickpea systems and identifying
trends associated with carbon sequestration,
nutrient retention, and soil quality improvement.
The obtained results were interpreted in relation
to crop-specific characteristics, biological
nitrogen fixation potential, residue management
practices, and the broader objectives of climate-
smart and regenerative agriculture.
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Figure 1. Field setup for the barley and chickpea experiments at the CARBONICA pilot site: B2 -
Chickpea under carbon-farming management; B3 — Chickpea under conventional management; B4
- Barley under conventional management; B5 — Barley under carbon-farming management.

RESULTS AND DISCUSSION

Agrochemical soil characterization

The agrochemical characterization of
soils under barley and chickpea cultivation
revealed distinct temporal and management-
dependent variations:in soil fertility parameters
throughout the experimental period (Table 1a
and 1b). The monitored indicators, including
soil reaction, electrical conductivity (EC), total
nitrogen (TN), available phosphorus (P,0Os), and
available potassium (K;0), provided valuable
insight into the influence of carbon-farming
and conventional management systems on soil
quality and nutrient dynamics.

Across all experimental treatments, soil
reaction remained within the alkaline range,
with. pH(H,O) values generally varying between
8.1 and 8.7, reflecting the calcareous nature of
the investigated soils. Although minor temporal
fluctuations were observed, no substantial
differences between management systems
were detected. The relatively stable pH values
indicate that neither conventional nor carbon
farming practices induced significant alterations
in soil acidity during the experimental period.
Similar findings have been reported in
conservation agriculture studies where short-
term implementation of regenerative practices
affected nutrient cycling more rapidly than soil
reaction parameters.

Electrical conductivity values remained low
throughout the study, indicating the absence of
salinity-related constraints for crop development.
The observed EC values ranged between 0.38
and 0.54 mS/cm, which are considered favorable
for both barley and chickpea cultivation. The
relatively stable EC values further suggest that
the implemented management practices did not
result in excessive accumulation of soluble salts
within the root zone.

More  pronounced differences were
observed for nutrient-related parameters.
Total nitrogen content exhibited clear crop-
specific and management-dependent trends.
In the barley production system, nitrogen
concentrations remained relatively stable under
carbon-farming management and showed an
increase during the final assessment period,
whereas conventional management was
associated with a gradual decline. These results
suggest improved nitrogen retention under
carbon-farming conditions, likely resulting from
enhanced biological activity, increased residue
incorporation, and more efficient nutrient
cycling processes.

Theeffectwasevenmoreevidentinchickpea
cultivation, where total nitrogen concentrations
increased throughout the experimental period,
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particularly under carbon-farming management.
The highest nitrogen values were recorded in
the carbon-farming chickpea treatment at the
end-point assessment. This response can be
attributed to the leguminous nature of chickpea
and its ability to establish symbiotic associations
with nitrogen-fixing microorganisms. Enhanced
biological nitrogen fixation, combined with
improved soil biological functioning under
regenerative management, likely contributed to
the observed nitrogen accumulation.

demonstrated favorable trends under carbon-
farming management. While some variability
was observed among sampling periods, carbon-
farming treatments generally maintained
comparable or higher nutrient availability
relative to conventional systems. The improved
nutrient status may be associated with increased
microbial activity, enhanced organic matter
turnover, and improved nutrient retention
mechanisms frequently reported in regenerative
agricultural systems.

Available phosphorus and potassium also

Table 1a. Agrochemical characteristics of soils under carbon-farming and conventional management
systems during the experimental period - Barley cultivation system.

barameter Unit cMS CF CMS CF CMS CF
(Start-point) | (Start-point) | (Mid-point) | (Mid-point) | (End-point) | (End-point)
EC mS/cm 0.48 0.50 049 038 0.49 0.43
pH (H,0) - 8.15 8.25 8.58 8.61 8.63 8.71
pH (KCI) - 7.59 7.55 7.48 7.87 7.80 7.73
A"i"gb'e mg/100 g 37.1 34.9 86.1 74.4 86.1 477
2
Available | 1004 15.8 15.2 426 429 426 232
P20s
Total N mg/g 127 1.28 1.01 1.04 1.01 1.36
Soil organic
carbon % 134 1.25 1.08 145 0.89 168
(SOC)
Organic % 9.69 8.53 175 1.66 175 157
matter

*CF - Carbon Farming , CMS - Conventional management system, Values extracted from the CARBONICA
agrochemical monitoring database.

Table 1b. Agrochemical characteristics of soils under carbon-farming and conventional management sys-
tems during the experimental period - Chickpea cultivation system.

. - Unit CMS CF CMS CF CMS CF
(Start-point) | (Start-point) | (Mid-point) | (Mid-point) | (End-point) | (End-point)
EC mS/cm 0.46 047 0.45 0.61 0.45 0.49
pH (H,0) - 8.49 8.45 8.59 8.52 8.27 8.13
pH (KCI) - 7.56 7.57 7.83 7.79 7.30 7.27
A"i"gb'e mg/100 g 425 327 925 106.9 84.9 84.9
2
Available | 1604 365 33.16 46.6 448 4258 437
P20s
Total N mg/g 1.02 1.28 1.29 133 141 145
Soil organic
carbon % 1.22 118 1.05 112 091 1.57
(SOC)
Organic % 6.30 6.98 2.10 1.98 247 225
matter

*CF - Carbon Farming , CMS - Conventional management system, Values extracted from the CARBONICA agrochemical
monitoring database.
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SOIL ORGANIC CARBON DYNAMICS UNDER CARBON FARMING AND CONVENTIONAL
MANAGEMENT SYSTEMS

Soil organic carbon (SOC) is widely regarded
asoneofthemostsensitiveindicators of soil quality
and the effectiveness of agricultural management
practices. Changes in SOC content directly reflect
the balance between carbon inputs originating
from plant biomass and carbon losses resulting
from decomposition, mineralization, erosion,
and agricultural disturbance. Consequently,
monitoring SOC dynamics provides valuable
information  regarding the capacity of
agricultural systems to maintain soil fertility while
simultaneously contributing to climate-change
mitigation through carbon sequestration.

The present study revealed clear
management-dependent differences in SOC
dynamics for both investigated crops. Carbon-
farming practices consistently promoted greater
SOC retention and accumulation compared
with conventional management, confirming the
positive influence of regenerative agricultural
practices on soil carbon storage under the
agroecological conditions of North Macedonia.

The most pronounced response was
observed in the barley production system. At
the beginning of the experimental period, SOC
values were relatively similar between the two
management systems. However, temporal trends
diverged substantially during the vegetation
cycle. Under conventional management, SOC
progressively decreased from 1.34% at the start-
point to 1.08% during the mid-point assessment
and further declined to 0.89% at the end-point
assessment. This continuous reduction indicates
a net loss of soil carbon, most likely associated
with enhanced mineralization of organic matter
and limited replenishment of carbon inputs.

In contrast, barley cultivated under carbon-
farming management exhibited a completely
different trajectory. SOC increased from 1.25%
at the start-point to 1.45% during the mid-point
assessment and reached 1.68% at the end-point
of the experiment. Compared with the initial
value, this represents an overall increase of
approximately 34.4%, highlighting the strong
capacity of carbon-farming practices to stimulate
carbon accumulation and stabilization in cereal-
based production systems.

Theobserveddifferences can beattributedto
several mechanisms associated with regenerative
management. Reduced soil  disturbance
minimizes aggregate disruption and decreases

microbial exposure to previously protected
organic matter. Simultaneously, residue retention
increases the return of organic carbon to the
soil, while improved biological activity promotes
the formation of stable carbon pools. Similar
findings have been reported in long-term studies
investigating conservation agriculture . and
carbon-farming systems, where reduced tillage
and increased biomass.incorporation resulted in
significant SOC accumulation and improved soil
structural stability.

Chickpea exhibited a somewhat different
but equally important response pattern. Under
conventional  management, SOC gradually
declined throughout the vegetation period,
decreasing from 1.22% at the beginning of
the experiment.to 1.05% during the mid-point
assessment and finally reaching 0.91% at the end-
point. Although the magnitude of decline was
lower than that observed in barley, the results
nevertheless indicate a progressive depletion
of soil carbon reserves under conventional
agricultural management.

In_contrast, chickpea grown under carbon-
farming conditions maintained relatively stable
SOC levels during the active growth stage and
showed a marked increase at the end of the
experimental period. SOC changed from 1.18%
at the start-point to 1.12% during the mid-point
assessment and reached 1.57% at the end-point
assessment, corresponding to an overall increase
of approximately 33.1% relative to the initial
condition.

The more moderate SOC response observed
in chickpea during the mid-point assessment
compared with barley is likely associated with
crop-specific physiological characteristics. As
a leguminous species, chickpea contributes
substantially to below-ground carbon inputs
through root exudation and root biomass
production. Furthermore, biological nitrogen
fixation improves nitrogen availability within the
rhizosphere, stimulating microbial activity and
promoting the formation of stable soil organic
matter. These processes may enhance SOC
stabilization even when above-ground biomass
production is lower than in cereal-based systems.

A direct comparison between crops
indicates that both species benefited from
carbon-farming management; however, barley
demonstrated a slightly greater final SOC
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accumulation (1.68%) compared with chickpea
(1.57%). This finding suggests that cereal-based
carbon-farming systems may offer particularly
high potential for carbon sequestration under
the climatic and edaphic conditions characteristic
of North Macedonia. Nevertheless, the positive
response observed in chickpea highlights the
complementary role of legumes in regenerative
cropping systems, where biological nitrogen
fixation and improved nutrient cycling contribute
to long-term soil quality enhancement.

Overall, the results clearly demonstrate

that carbon-farming practices effectively

reversed the declining SOC trends observed
under conventional management. The sustained
increase in SOC recorded in both barley and
chickpea confirms the potential of regenerative
agricultural practices to improve soil carbon
stocks, strengthen soil health, and contribute to
climate-smart agricultural development. These
findings support current European initiatives
promoting carbon farming as a practical
mechanism for increasing carbon sequestrationin
agricultural soils while simultaneously improving
agroecosystem sustainability and resilience.

Table 2. Temporal changes in soil organic carbon (SOC) and total nitrogen (TN) under conventional (CMS)
and carbon-farming (CF) management systems in barley and chickpea cultivation.

. . . . R i han
Crop Start-point Mid-point End-point elatn;?/oc): ange
Barley CMS S0C=1.34% SOC=1.08% SOC =0.89% SOC: —33.6
Y TN=127mgg" TN=1.01mgg"’ TN=1.01mgg"’ TN:-20.5
Barlev CF SOC =1.25% SOC =.1.45% SOC = 1.68% SOC: +34.4
y TN=128mgg" TN=1.04mgg’ TN=136mgg" TN: +6.3
Chickpea CMS SOC=1.22% SOC=1.05% SOC = 0.91% SOC: -25.4
P TN=1.02mggqg” TN=129mgg" TN=141mgqg’ TN: +38.2
Chickpea CF SOC=1.18% SOC=1.12% SOC=1.57% SOC: +33.1
P TN=128mgg"” TN=133mgg’ TN=145mgg"” TN: +13.3

*CF - Carbon Farming , CMS - Conventional management system, SOC - Soil organic carbon, TN - Total nitrogen, Values extracted from

the CARBONICA agrochemical monitoring database.

NITROGEN DYNAMICS AND CROP-SPECIFIC RESPONSES

Total nitrogen (TN) dynamics demonstrated
pronounced crop-specific .and management-
dependent  responses  throughout the
experimental period (Table 2). Nitrogen
availability is closely associated with soil fertility,
microbial - activity, organic matter turnover,
and long-term soil carbon stabilization.
Consequently, the observed TN trends provide
important insight into the functioning of
carbon-farming systems and their influence on
nutrient cycling processes.

Inthebarley productionsystem, contrasting
TN" dynamics were observed between
conventional and carbon-farming management.
Under = conventional management, TN
concentrations declined from 1.27 mg g™ at the
start-point to 1.01 mg g” during the mid-point
assessment and remained at 1.01 mg g™ at the
end-point. This trend indicates a reduction in
available nitrogen reserves and suggests that
nutrient removal through crop uptake exceeded

the replenishment capacity of the soil system.

Conversely, barley cultivated under carbon-
farming management exhibited improved
nitrogen retention. Although TN decreased
slightly from 1.28 mg g at the start-point to
1.04 mg g" during the mid-point assessment,
a substantial increase was observed at the
end-point, reaching 1.36 mg g”'. Compared
with the initial concentration, this corresponds
to an overall increase of approximately 6.3%,
indicating more efficient nutrient conservation
and recycling under regenerative management
conditions.

The nitrogen response was also evident
in the chickpea production system. Under
conventional management, TN increased
steadily from 1.02 mg g™ at the start-point to
1.29 mg g" during the mid-point assessment
and reached 1.41 mg g” at the end-point. This
represents an overall increase of approximately
38.2%, demonstrating the capacity of chickpea
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cultivation to enrich soil nitrogen even under
conventional management.

Under carbon-farming conditions, chickpea
showed a similar but slightly stronger response.
TN increased from 1.28 mg g at the beginning
of the experiment to 1.33 mg g during the
active vegetation stage and reached 1.45mg g”
at the end-point assessment. This corresponds
to an overall increase of approximately 13.3%
relative to theinitial value. Although the increase
was less pronounced than previously estimated,
the treatment maintained the highest final TN
concentration among the chickpea treatments
while simultaneously supporting greater SOC
accumulation.

The observed increase in TN under
chickpea cultivation is closely associated with
biological nitrogen fixation. Through symbiotic
associations with Rhizobium spp., chickpea is
capable of converting atmospheric nitrogen
into plant-available forms, thereby increasing
nitrogen availability within the rhizosphere
and contributing to soil fertility improvement.
The positive TN response observed under
carbon-farming management suggests that
regenerative  practices created  favorable
conditions for biological nitrogen fixation,
microbial activity, and nutrient conservation.

These findings are consistent = with
previous studies reporting enhanced nitrogen
retention under conservation and regenerative
agricultural systems. Bohoussou et al. (2026)
demonstrated that conservation agriculture
practices significantly improved both soil
organic carbon and total nitrogen storage
compared with conventional tillage systems.
Similarly, Bragg et al. (2025) reported increased
TN accumulation under reduced tillage and
organic management systems due to improved
microbial functioning and enhanced nutrient
cycling processes.

The crop-specific responses observed
in the present study further emphasize the
complementary ecological roles of cereals and
legumes within carbon-farming systems. While
barley demonstrated the strongest response
in terms of soil organic carbon accumulation,
chickpea exhibited a greater capacity
for biological nitrogen enrichment. Such
complementarity is particularly important for
regenerative agriculture, where diversified crop
systems aim to simultaneously improve nutrient

cycling, carbon sequestration, soil fertility, and
overall agroecosystem resilience.

The nitrogen dynamics observed in this
study also provide a mechanistic explanation
for the SOC trends discussed in the subsequent
section. Increased nitrogen  availability
promotes plant biomass production, root
development, and microbial growth, all of which
contribute additional carbon inputs to the soil.
Consequently, the enhanced TN accumulation
recorded under carbon-farming management
likely played an important role in supporting
the greater SOC stabilization and sequestration
observed in both barley and chickpea systems.

The calculated C ratios provided
additional insight into the balance between
soil organic carbon accumulation and nitrogen
dynamics under the investigated management
systems (Figure 2). In barley, carbon-farming
management maintained more favorable
carbon-to-nitrogen relationships compared
with conventional management. The C:N ratio
under barley carbon farming increased from
9.77 at the start-point to 13.94 at the mid-
point and stabilized at 12.3 at the end-point,
indicating enhanced carbon accumulation while
maintaining adequate nitrogen availability. In
contrast, conventional barley showed a decline
from 10.5 at the start-point to 8.81 at the end-
point, suggesting reduced carbon retention and
more intensive organic matter mineralization.

Inchickpeasystems,contrastingtrendswere
observed. Under conventional management,
the C ratio declined from 11.9 at the start-point
to 8.14 at the mid-point and further to 6.45 at the
end-point. Under carbon-farming management,
the ratio decreased from 9.22 at the start-
point to 8.42 at the mid-point but remained
substantially higher at the end-point (10.8)
compared with conventional management. This
finding indicates that carbon-farming practices
supported simultaneous SOC accumulation
and nitrogen retention, resulting in a more
balanced carbon-to-nitrogen relationship. The
higher final C ratio observed under carbon-
farming chickpea reflects enhanced carbon
sequestration efficiency rather than nitrogen
limitation and further supports the positive
influence of regenerative management on soil
quality and nutrient cycling.
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Figure 2. End-point C:N ratio under carbon-farming and conventional management systems in barley
and chickpea cultivation.

CONCLUDING REMARKS

The present study provides region-specific
evidence on the effectiveness of carbon-farming
practices forimproving soil quality and enhancing
soil organic carbon (SOC) accumulation under
representative agroecological conditionsin North
Macedonia. The results clearly demonstrated that
management practices significantly influenced
both carbon and nitrogen dynamics, with carbon-
farming systems consistently outperforming
conventional agricultural management.

Among the  investigated crops, barley
exhibited the strongest response in terms of
SOC sequestration. Under carbon-farming
management, SOC increased from 1.25% at
the start-point to 1.68% at the end-point,
corresponding to an increase of approximately
34.4%. In contrast, conventional management
resulted in a continuous decline from 1.34% to
0.89%, indicating substantial carbon depletion.
These findings confirm the strong potential
of cereal-based carbon-farming systems
to contribute to long-term carbon storage,
improved soil quality, and enhanced climate-
change mitigation.

Chickpea displayed a different but equally
important response pattern. Carbon-farming
management increased SOC from 1.18% to
1.57%, representing an overall increase of
approximately 33.1%, whereas conventional
management resulted in a decline from 1.22%
to 0.91%. In addition, chickpea promoted
substantial nitrogen enrichment, with total
nitrogen increasing from 1.28 to 145 mg g"

under carbon-farming conditions and from 1.02
to 1.41 mg g under conventional management.
These responses highlight the important role of
biological nitrogen fixation and legume-based
systems in supporting nutrient cycling, nitrogen
availability, and soil fertility.

The calculated C ratios further emphasized
the complementary functions of the two crops
within regenerative agricultural systems. Barley
under carbon-farming management maintained
the highest final C ratio (12.3), reflecting efficient
carbon accumulation and stabilization. In
contrast, chickpea exhibited lower C ratios due
to enhanced nitrogen availability associated
with biological nitrogen fixation. Together, these
responses demonstrate the complementary
ecological functions of cereals and legumes in
regenerative cropping systems, where carbon
sequestration and nutrient enrichment occur
simultaneously.

The findings demonstrate that carbon-
farming practices based on reduced soil
disturbance, residue retention, and enhanced
biological activity can effectively improve soil
health, promote carbon sequestration, and
increase the resilience of agricultural systems.
The simultaneous enhancement of SOC and
maintenance of favorable nitrogen dynamics
under carbon-farming management highlights
the potential of these practices to support
sustainable crop production and climate-smart
agriculture.
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Pesnme

OpraHcKkuroT jarnepog Bo noysata (SOC) npeTtcTtaByBa KNyYyeH MHAMKATOP 3a 34PaBjeTo 1 NIOAHOCTa Ha
MoYBaTa, Kako 1 3a CMNOCOOHOCTa Ha arpoeKkoCcUcTeMUTE A NMPUAOHECAT KOH ybnaxkyBarbe Ha KIMMaTCKUTe
NPOMeHN MpeKy cekBecTpaumja Ha jarnepop. Bo pamkute Ha npoektor CARBONICA, oBa UCTpakyBare ja
OLleHYyBa AMHaMMKaTa Ha OPraHCKMOT jarnepog BO mousaTa Kaj jaumeH (Hordeum vulgare L.) n HayT (Cicer
arietinum L.) ogrnegysaHn nop ABa pasnvyHM CUCTEMW Ha yrpaByBatbe 1 TOQ, jarfiepoHO 3eMjofeNcTBO U
KOHBEHLMOHAJTHO NMPON3BOACTBO Ha PENpPE3eHTAaTUBHU NUOT lokauun Bo Penybnuka CeBepHa MakefoHuja.

3ematrbeTo NoYBEH NprMepoLm belle cnpoBefeHO of c1ojoT 0-20 cm co NpUMeHa Ha cTpaTuduLmupaH
KOMMO3WTEH NPUCTan Koj r'v 3emalle npeasua BUAOT Ha KynTypaTa 1 CUCTEMOT Ha ynpaByBatse. CoapkmHaTa
Ha SOC Gele onpegeneHa co BanuanpaHata metoaa Ha Walkley-Black, co ¢okyc Ha GUONOWKN aKTUBHaTa
dpaKumja Ha OpraHCKMOT jarnepop. EKcnepvMeHTanHMOT Av3ajH ondaty YyeTupu BapWjaHTU: HayT Mo
jarnepopgHo 3emjopenctso (B2) n KoHBeHUMOHaNHO ynpasyBame (B3), Kako 1 jaumeH Moj KOHBEHLUMOHANMHO
(B4) v jarnepogHo 3emjogenctso (B5).

Pe3yntatute nokakaa jacHO M3pa3eHn BPEMEHCKM 1 YNpaBYBauKy 3aBUCHU MOZeNny BO AMHAMUKaTa Ha
SOC. Kaj cuctemmTe €O jaumeH, COApXXMHaTa Ha jarnepo ce HamasnyBalle BO TEKOT Ha NepuogoT Ha MOHUTOPUHT
noJ KOHBEHUMOHANHO ynpaByBatbe, onarajku oa 1,34 % Ha noueTHata Touka Ao 0,89 % Ha KpajHaTa Touka.
HacnpoTtun Toa, npakTUKMTe Ha jarnepoAHO 3emjodencTBO fOoBefoa A0 3HAYNTeNHO 3ronemyBame Ha SOC, of
1,25 % Ha 1,68 %, LUTO yKakyBa Ha 3rofieMeH noTeHLUMjas 3a CeKBecTpauuja Ha jarnepog. CnuuHm TpeHaoBm bea
3abenexaHu 1 Kaj CUCTEMUTE CO HAyT, Kafle LITO COAP’KMHATA Ha jarIepoA Noj jarnepogHo 3emMjoesNicTBO ce
sroniemn of 1,18 % Ha 1,57 %, gofeka KOHBEHLUMOHAHOTO yrpaByBatbe pe3ynTupalle co HamasnyBate of 1,22
% Ha 0,91 %. OBue pe3ynTaTi rM HarfacyBaaT NO3UTMBHMTE eHEKTU Off HAMANIEHOTO HAPYLLYBaHe HA MOYBaTa,
3apXKyBaheTO Ha PACTUTENTHMTE OCTATOLM 1 3rofleMeHaTa 61ONOLLIKa aKTUBHOCT MOBP3aHU CO MPAKTUKMTE Ha
jarnepopgHo 3emjogencTeo. [JononHUTENHO, BKITyUYyBaHbETO Ha JIEFYMUHO3HW KyNITYpU NpuoHece 3a nogobpeHa
cTabunrsauuja Ha jarmepoaoT npeky bronowka ¢ukcaumja Ha a3oT U CTUMYNMPabe Ha MUKPOOMONOLWKITE
npouecu Bo noysaTa.

MpaKkTVKNTe Ha jarIePOAHO 3eMjofeNcTBO MOKaXaa KOH3MCTEHTHA CMOCOOHOCT 3a OfpKyBare U
3rofieMyBare Ha HUBOTO Ha OPFaHCKMOT jarnepos Bo crnopefba co KOHBEHLMOHAIHOTO YrpaByBakbe, LWTO ja
noTBPAYBa HUBHATA BaXKHOCT KaKO KIMMATCK/ MAMETHY 3eMjofeNcKn cTpaTerum. MicTpakyBameTo obe36eayBa
pervioHanHo cneundryHy 6a3v Ha MOZATOLM KOULLTO ja NOALPKYBaaT NPUMeHaTa Ha jarnepofHy 3eMjOAeNncKy
NpaKkTVKK €O Len nofobpyBarbe Ha KBAIMTETOT Ha MOYBATa, 3rofieMyBakbe Ha CKaAupPareTo Ha jarnepos u
NPOMOBVPAHbE HA OFPKNBO YNpaByBakbe CO 3eMjuwTeTo Bo Peny6numka CeBepHa MakegoHuja.

KnyuHu 360poBu: 0p2dHCKU jaznepog, jaznepogHo 3emjogesnciliso, cekgectipayuja Ha jaznepog, Hay,
jaumeH, CesepHa MakegoHuja.
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