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INTRODUCTION

Optimisation of the soil nitrogen regime 
and mineral nutrition of plants constitutes a key 

component of modern agriculture and sustainable 
agroecosystem management. Nitrogen forms part 
of amino acids, proteins, nucleic acids, chloro-
phyll, and enzymes, and accounts for an average 
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sions resulting from mineralisation processes: when manure is applied, the range of emissions is usually 25–85 tonnes, 
whereas the use of by-products increases this level to 80–160 tonnes. In the first scenario, a more intensive nitrogen 
removal relative to its input was observed, whereas in the second, a progressive increase in total stocks was recorded. 
An increase in CO₂ emissions in such cases is accompanied by an improvement in the soil carbon balance and an in-
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non-inversion tillage technology - regardless of the type of crop rotation or fertiliser – a positive trend in soil carbon 
balance is observed, whereas with ploughing, the nature of the increase in organic matter deficit has a non-linear (para-
bolic) form. Ploughing is characterised by a wider range of CO₂ emissions, indicating more active mineralisation. The 
results of the study confirmed the high efficiency of using shredded crop by-products in combination with appropriate 
nitrogen compensation via mineral fertilisers. The practical significance of the results lies in substantiating the effec-
tiveness of using crop by-products and non-inversion tillage to stabilise nitrogen-carbon cycling, restore the fertility of 
chernozems and increase the productivity of agrocenoses in the forest-steppe of Ukraine.

Keywords: carbon dioxide, nitrogen balance, manure, crop residues, ploughing, non-inversion tillage.

Received: 2026.07.06
Accepted: 2026.09.15
Published: 2026.10.01

Journal of Ecological Engineering, 2026, 27(11), 338–352
https://doi.org/10.12911/22998993/231017
ISSN 2299–8993, License CC-BY 4.0

Journal of Ecological Engineering

https://orcid.org/0000-0002-7211-693X
https://orcid.org/0000-0002-6972-2410
https://orcid.org/0000-0001-7864-8091
https://orcid.org/0000-0003-2711-5185
https://orcid.org/0000-0003-2711-2566


339

Journal of Ecological Engineering 2026, 27(11), 338–352

of 1.5–5.0% of plant dry matter. Owing to the nar-
row range of plant uptake, this element is regarded 
as the most labile among nutrients, while both its 
deficiency and excess lead to reductions in crop 
productivity and product quality, as emphasised by 
Prysiazhniuk et al. (2022) and Yanitskyi (2024).

Climate destabilisation substantially trans-
forms the biogeochemical relationship between 
the accumulation and mineralisation of organic 
matter in agricultural landscapes. Under intensi-
fied decomposition processes, the rate of carbon 
dioxide release may exceed the potential for its 
biological fixation, thereby turning agricultural 
systems into net sources of greenhouse gas emis-
sions, as demonstrated in the studies of Sturman 
and Quénol (2023) as well as Tang et al. (2025). 
At the same time, according to Kalbande et al. 
(2023), contemporary models of biogeochemical 
processes that account for the coupling of carbon 
and nitrogen cycles indicate the possibility of in-
creasing the terrestrial carbon pool under rising 
temperatures. The principal driver of this process 
is the intensification of organic compound de-
composition, which promotes the accumulation 
of mineral nitrogen required for enhanced photo-
synthetic fixation of CO2 by plant communities.

In the context of global biogeochemical trans-
formations, as noted by Tkalenko et al. (2021), 
nitrogen and carbon cycles are regarded as fun-
damental coupled mechanisms determining the 
functional stability of terrestrial ecosystems and 
agricultural landscapes. A substantial proportion 
of carbon assimilated by phytomass (up to 55%) 
is directly involved in nitrogen metabolism pro-
cesses, whereas organic carbon compounds and 
CO2 emissions act as key determinants of soil 
microbiota activity. The scientific community 
emphasises the critical necessity of integrating 
the nitrogen cycle into climate models, since nu-
trient limitation (deficiency of mineral nitrogen 
in soil) represents the principal barrier to effec-
tive sequestration of atmospheric carbon by plant 
communities, as highlighted in the works of Jones 
(2021) and Parray (2023).

As noted by Dalias and Christou (2022), the 
central role in the mechanism of interaction and 
synchronisation of carbon and nitrogen cycles 
belongs to the soil microbial biomass, which 
functions as an active “biological hub” for the 
transformation of organic matter. The microbi-
al pool serves not only as a temporary reservoir 
of nutrients, but also as the principal mediator 
determining the direction of processes between 

accumulation and mineralisation. The bioge-
ochemical thresholds identified by Quan et al. 
(2021) as well as Sturman and Quénol (2023) 
constitute critical determinants of the functioning 
of the destructive component of agroecosystems. 
These numerical values are based on the physi-
ological requirements of microbial communities, 
which, in order to maintain their own homeosta-
sis, require a specific ratio between the energy 
substrate (C) and the structural material (N). Net 
mineralisation (C:N < 20): when organic matter 
with a narrow elemental ratio is incorporated into 
the soil (for example, legume residues or green 
manure crops), microorganisms receive an ex-
cess of nitrogen relative to the available carbon. 
This results in the release of ammoniacal nitrogen 
forms into the soil solution, thereby increasing 
nutrient availability for plants. Biological immo-
bilisation (C:N > 30): when substrates with a high 
cellulose and lignin content (such as cereal straw) 
are incorporated into the soil, a nitrogen deficien-
cy arises for the synthesis of microbial proteins. 
Under such conditions, the soil microflora be-
comes a strong competitor to plants by absorb-
ing mineral nitrogen forms from the soil solution, 
leading to a temporary reduction in soil fertility – 
the phenomenon known as “nitrogen starvation”. 
The rate of C-CO2 release (heterotrophic respira-
tion) is considered an appropriate proxy indicator 
of gross nitrogen fluxes, since both processes are 
limited by the rate of decomposition of the car-
bon skeletons of organic molecules. However, as 
noted by Kucher et al. (2022), this relationship 
remains linear only under the conditions of sub-
strate metabolic stability.

Globally, the optimisation of carbon (C) and 
nitrogen (N) cycling in agroecosystems is rec-
ognised as a fundamental priority for ensuring 
long-term agricultural sustainability and main-
taining stable soil fertility (Lal, 2020). Recent 
international studies highlighted that tradition-
al intensive farming practices often lead to the 
rapid depletion of soil organic matter, necessi-
tating a shift towards conservation agriculture. 
Consequently, the integration of reduced tillage 
systems - such as non-inversion or minimum till-
age - with the strategic management of crop resi-
dues has been widely advocated. These practices 
not only enhance soil structural stability but also 
significantly improve carbon sequestration and 
nitrogen use efficiency across various temperate 
agroecosystems (Blanco-Canqui and Ruis, 2020; 
Mondal et al., 2020).



340

Journal of Ecological Engineering 2026, 27(11), 338–352

Despite the substantial theoretical founda-
tion, the issue of quantitative synchronisation of 
nitrogen and carbon fluxes under the specific con-
ditions of Forest-Steppe agrocenoses of Ukraine 
remains debatable. Previous models predomi-
nantly evaluated nitrogen and carbon fluxes in-
dependently or relied on static emission factors. 
The novelty of the study lies in integrating nitro-
gen and carbon balance calculations into a uni-
fied stoichiometric framework that simultaneous-
ly evaluates nutrient inputs, outputs, soil carbon 
balance, and CO₂ emissions under contrasting 
fertilisation and tillage systems. Unlike previous 
studies that assessed nitrogen and carbon cycling 
separately, the proposed framework enables their 
integrated evaluation within a single balance ap-
proach, providing a more comprehensive assess-
ment of agroecosystem functioning under long-
term field conditions. Thus, the aim of the study 
was to determine the standardised indicators of 
this new coupled nitrogen-carbon cycling model 
under variable crop rotation types and alternative 
organic fertilisation sources, influenced by differ-
ent soil tillage technologies. 

The objective was to reveal the principal trends 
in nitrogen-carbon cycling, utilising a novel meas-
urement approach to quantify the regeneration of 
natural pedogenic processes to maintain long-term 
soil fertility and organic matter stability.

MATERIALS AND METHODS

The study was conducted during 2014–2024 
in the central part of the Left-Bank Forest-Steppe 
of Ukraine under the conditions of a long-term 
stationary experiment at the Drabiv Experimental 
Field of the Cherkasy State Agricultural Research 
Station of the National Scientific Research Centre 
“Institute of Agriculture of the National Academy 
of Agrarian Sciences of Ukraine” (Figure 1). The 
region is characterised by a temperate continental 
climate. The average annual air temperature rang-
es from 7.5 to 8.5 °C. The average annual precipi-
tation is approximately 500–550 mm, with the 
majority (about 60–70%) falling during the active 
vegetative period from April to September. How-
ever, the region frequently experiences prolonged 
dry spells and high summer temperatures, leading 
to periodic drought conditions that significantly 
influence soil moisture dynamics and the rate of 
organic matter mineralisation.

Experimental design and reproducibility 

The field research utilised a randomized com-
plete block design (RCBD) structured systemati-
cally by year to capture both spatial and temporal 
variability over the 10-year study period. The ex-
periments were established on plots with a total 

Figure 1. Location of the Drabiv experimental field study area. Coordinate system: WGS 84 (EPSG:4326).
Map created in QGIS based on high-resolution satellite imagery
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sowing area of 160 m² and an accounting area of 
100 m². Each treatment was evaluated in three 
replications. Baseline data were collected in 2014 
before the establishment of the experimental treat-
ments. Thereafter, from 2015 to 2024, 15 compos-
ite soil samples were collected annually after har-
vest for agrochemical analysis, resulting in a total 
of 150 samples. Composite soil samples were col-
lected from the 0–20 cm soil layer. The experimen-
tal factors included crop rotation systems, fertilisa-
tion treatments, and tillage methods. Experimental 
plots remained at the same location throughout the 
study period. Baseline measurements conducted in 
2014 indicated an initial winter wheat yield of 4.5 
t ha⁻¹. To standardise the assessment of agricultural 
productivity across different crop types within the 
rotations, the absolute crop yields were converted 
into ‘feed units’. One feed unit is defined as the nu-
tritional equivalent of the energy content of one ki-
logram of oats. The total feed unit yield (t ha⁻¹) for 
each experimental plot was calculated by multiply-
ing the physical yield of the harvested crop (grain or 
biomass) by its respective standard conversion co-
efficient according to established regional agrotech-
nical evaluation guidelines. Determination of the 
agrochemical indicators of soil quality was carried 
out in accordance with current national standards: 
pH according to DSTU ISO 10390:2007 (2007); 
total humus and carbon content according to the 
method of Tyurin as modified by Simakov (DSTU 
4289:2004, 2004). Baseline indicators established a 
total humus content of 4.2%. The initial soil organic 
carbon () was 2.44%, and initial total nitrogen (Ntot) 
was 2200 mg kg⁻¹. The soil was well supplied with 
available phosphorus compounds (140 mg kg⁻¹ 
soil) and had an elevated level of available potas-
sium compounds (100 mg kg⁻¹ soil) according to 
the method of Chyrykov (DSTU 4115-2002, 2002). 
The balance of soil organic matter and humus was 
calculated according to Balyuk et al. (2011). The 
soil exhibited a neutral active acidity reaction with 
a pH of 6.8–7.0. This range is considered optimal 
for most agricultural crops, as it ensures maximum 
nutrient availability and favourable conditions for 
soil microbiota activity.

The objects of analysis were two types of spe-
cialised crop rotations. The first model (A) was 
based on the alternation of peas, winter wheat, 
sugar beet, and grain maize (two phases), where 
the proportions of cereals, industrial crops, and 
legumes constituted 60%, 20%, and 20%, respec-
tively. The second model (B) included perennial 
grasses, winter wheat, sugar beet, maize, and 

barley with grasses, maintaining a similar propor-
tion of cereal and industrial crop groups with a 
20% share of the grass component. The field ex-
periment was structured to evaluate the combined 
effects of agricultural practices on agroecosystem 
functioning. The design included crop rotation 
models, organic fertilisation variants, and soil till-
age methods. Specifically, regarding fertilisation, 
two organic sources were evaluated at a rate of 
6 t ha⁻¹- manure versus crop by-products - both 
integrated with a background mineral fertiliser 
application of N₆₂P₆₆K₈₂ per 1 ha of crop rotation 
area. The tillage methods included conventional 
ploughing, non-inversion tillage, and minimum 
(surface) tillage. All organic fertilisation variants 
and soil tillage methods were systematically com-
bined across both crop rotation models to assess 
their interactive and main effects.

Stoichiometric modelling and balance 
calculations 

The calculation of integrated indicators of 
nutrient cycling was performed using the bal-
ance method. The calculations were based on 
the methodology proposed by Skrypchuk et al. 
(2020), which integrates humus formation, min-
eralisation, crop productivity, and nutrient remov-
al by phytomass. Nitrogen input from manure 
(Nmanure) was calculated based on the application 
rate, and nitrogen input from crop residues (Nresi-

dues) was estimated using crop productivity and 
residue-to-yield ratios according to the adopted 
balance methodology. Nitrogen removal (Nremoval) 
was determined from the harvested yield using 
crop-specific nutrient removal coefficients. Car-
bon dioxide emissions (ECO₂) and crop biomass 
production were estimated according to the pub-
lished methodology. The nitrogen balance (BN) 
within the agrocenosis was calculated using the 
following deterministic formula (Equation 1): 

	
𝐵𝐵𝑁𝑁 = (𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚) − 

−𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝐵𝐵𝐶𝐶 = (𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟 × 𝐾𝐾𝑐𝑐) − 𝐸𝐸𝐶𝐶𝑂𝑂2 

 

𝐼𝐼𝑏𝑏 = (
∑Nutrient Inputs
∑Nutrient Removal) × 100 

	 (1)

where:	inputs include nitrogen from manure 
(Nmanure), crop by-products (Nresidues), and 
mineral fertilsers (Nmin), and Nremoval is the 
biologically extracted nitrogen via har-
vested crop yield.

Assessment of carbon dioxide (CO₂) emis-
sions and carbon sequestration was performed 
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taking into account the actual productivity of ag-
ricultural crops in multi-rotation crop rotations 
(Anishin et al., 2014). Regression equations dif-
ferentiated according to productivity levels were 
used to determine the volumes of crop by-prod-
ucts, post-harvest residues, and below-ground 
biomass (Rechcigl, 2018). The regression coef-
ficients were selected according to crop species 
and productivity level in accordance with the 
published methodology. The net carbon balance 
(Bc) was evaluated as shown in Equation 2: 

	

𝐵𝐵𝑁𝑁 = (𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚) − 
−𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝐵𝐵𝐶𝐶 = (𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟 × 𝐾𝐾𝑐𝑐) − 𝐸𝐸𝐶𝐶𝑂𝑂2 

 

𝐼𝐼𝑏𝑏 = (
∑Nutrient Inputs
∑Nutrient Removal) × 100 

	 (2)

where:	Mres is the quantified mass of crop resi-
dues and below-ground biomass, Kc is the 
stoichiometric coefficient of 3.7 utilised 
for converting carbon pools into carbon 
dioxide, and Eco2 represents total quanti-
fied carbon dioxide emissions. 

The quantity of formed humus (Сg) as a sta-
bilised carbon pool was calculated systematically 
depending on the volumes of incoming organic 
substrate as described in the methodology of 
the Intergovernmental Panel on Climate Change 
(IPCC) (2008). To evaluate the overall sustain-
ability of the agrocenoses, the balance intensity 
index (Ib) was computed using Equation 3: 

	

𝐵𝐵𝑁𝑁 = (𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑁𝑁𝑚𝑚𝑚𝑚𝑚𝑚) − 
−𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

𝐵𝐵𝐶𝐶 = (𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟 × 𝐾𝐾𝑐𝑐) − 𝐸𝐸𝐶𝐶𝑂𝑂2 

 

𝐼𝐼𝑏𝑏 = (
∑Nutrient Inputs
∑Nutrient Removal) × 100 	 (3)

All primary laboratory data were statistically 
processed using Microsoft Excel and Statistica 
10. Data were subjected to analysis of variance 
(ANOVA) to evaluate the main effects and inter-
actions of crop rotation, fertilisation, and tillage 

methods. Treatment means were compared using 
Tukey’s Honestly Significant Difference (HSD) 
post-hoc test, with statistical significance es-
tablished at p < 0.05. To accurately reflect data 
dispersion and effect sizes, standard errors are 
integrated directly alongside the average values 
(presented as Mean ± SE). The processed data 
were subsequently used for calculating nitrogen 
and carbon balances and for evaluating the direc-
tion and intensity of biogeochemical cycling in 
the studied agroecosystems.

RESULTS AND DISCUSSION 

The results of the feed unit analysis indicate 
that the use of by-products is preferable to ma-
nure in both types of crop rotation (Figure 2). The 
highest average feed unit value (33.0 t) was re-
corded in the crop rotation with peas, provided 
that 6 t ha⁻¹ of by-products were applied. 

Nitrogen removal with yield correlated with 
productivity: the highest values are observed in 
treatments with catch crops, reaching 718 kg in 
the crop rotation with peas and 564 kg in the crop 
rotation with grasses (Figure 3).

Total N removal was highest in the pea-based 
crop rotation with manure application (935 kg), 
indicating intensive utilisation of nitrogen re-
sources within the agrocenosis; however, the lev-
el of nitrogen input from crop by-products was 
the lowest among all treatments, reflecting sub-
stantial removal of the element with the harvest-
ed yield. In contrast, the use of crop by-products 
(6 t ha⁻¹) as the principal fertiliser contributed to 
optimisation of the nitrogen regime. N remov-
al with yield increased to 717 ± 37 kg, while 

Figure 2. Feed unit yield in agrocenoses depending on the type of crop rotation and fertilisation system, t ha⁻¹. 
Different lowercase letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05)
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nitrogen input into the soil from plant residues 
doubled compared with the manure treatment, 
reaching 664 ± 34 kg. This resulted in the high-
est total nitrogen content within the agrocenosis 
– 837 ± 42 kg – indicating the high nitrogen-fix-
ing capacity of peas under conditions of biomass 
return to the soil.

A similar trend was observed in the grass-
based crop rotation, although with slightly low-
er absolute values of nitrogen fluxes. The ma-
nure treatment was characterised by the lowest 
N removal with yield (503 ± 25 kg) and total 
N removal of 716 ± 38 kg. Application of crop 
by-products in this crop rotation ensured a bal-
anced distribution of nitrogen: N removal with 
yield (564 ± 28 kg) was nearly equivalent to its 
return to the system (549 ± 28 kg). The total ni-
trogen content within the agrocenosis amounted 
to 767 ± 39 kg, which was 15% higher than in 
the manure treatment within the same crop rota-
tion. Thus, comparison of the two crop rotation 
types demonstrates that the inclusion of peas 
provides more intensive nitrogen cycling than 

grasses. The key factor in nitrogen accumulation 
within the system proved to be the use of crop 
by-products (6 t ha⁻¹).

The statistically significant advantage of crop 
by-products over manure (at a rate of 6 t ha⁻¹) 
with respect to nitrogen accumulation in the agro-
cenosis is explained by the direct return of organ-
ic matter that has undergone a cycle of biological 
transformation in situ. The obtained data confirm 
the hypothesis that, under the conditions of limit-
ed application of traditional organic fertilisers, the 
use of plant residues in combination with legumi-
nous crops represents the most effective strategy 
for maintaining soil nitrogen homeostasis. The re-
sults of the nitrogen balance assessment (Figure 
4) demonstrate a fundamental difference in the di-
rection of nitrogen cycling depending on the form 
of organic matter returned to the soil.

In the treatments involving manure applica-
tion in both crop rotation types, a negative nitro-
gen balance was recorded, indicating that nitro-
gen removal exceeded its input. In the pea-based 
crop rotation, the nitrogen deficit was critical, 

Figure 3. Nitrogen cycle indicators in agrocenoses depending on the fertilisation system and crop rotation type. 
Different lowercase letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05)
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amounting to -345 kg. Such a substantial negative 
value is explained by the high level of nitrogen 
removal with the harvested yield of the legumi-
nous crop, which was not compensated for by the 
low manure application rate. In the grass-based 
crop rotation, the deficit was considerably lower 
at -61.4 kg, owing to less intensive nitrogen re-
moval compared with the legume-based rotation.

The transition to the use of crop by-products 
(6 t ha⁻¹) as the principal fertiliser source ensured 
a positive nitrogen balance in both investigated 
systems. In the pea-based crop rotation, nitrogen 
accumulation amounted to 97.8 kg. The return 
of plant residues combined with the biological 
nitrogen fixation capacity of the crop made it 
possible not only to offset nitrogen removal but 
also to generate a positive balance. The maxi-
mum nitrogen surplus was recorded in the grass-
based crop rotation, where the indicator reached 
189 kg. This demonstrates the highest efficiency 
of crop by-products precisely within this crop 
rotation component for increasing the nitrogen 
potential of the soil. Analysis of the obtained 
data suggests that manure application at a rate 
of 6 t ha⁻¹ is insufficient to maintain a balanced 
nitrogen budget in intensive crop rotations. By 
contrast, the use of an equivalent amount of crop 
by-products (6 t ha⁻¹) radically alters the direc-
tion of the processes – from degradational (de-
pletion of reserves) to accumulative.

Assessment of the dynamics of organic car-
bon (Corg.) made it possible to establish patterns 
in the transformation of organic matter depending 
on crop rotation structure and sources of carbon 
input (Figure 5). All investigated treatments were 
characterised by a strongly negative overall bal-
ance of organic carbon within the agrocenosis. 
In the pea-based crop rotation, the carbon deficit 
ranged from -26 t (manure treatment) to -38.5 t 
(crop by-products treatment). In the grass-based 

crop rotation, these values were even lower, 
reaching a minimum of -39 t under the applica-
tion of crop by-products. These findings indicate 
substantial carbon losses through respiration (CO2 
emissions) and removal with yield, exceeding the 
total organic matter input.

The indicators of the organic carbon (Corg.) 
balance directly within the soil demonstrated a 
different trend, which is critically important for 
assessing humus status. In the treatments with 
manure application in both crop rotations, a deficit 
soil carbon balance was recorded (from -1 to -3.1 
t). This indicates that a manure application rate of 
6 t ha⁻¹ is insufficient to compensate for humus 
mineralisation processes. The use of plant resi-
dues ensured a transition to a positive soil organic 
carbon (Corg.) balance. In the pea-based crop 
rotation, the surplus amounted to approximately 
+2.7 t, while in the grass-based crop rotation it 
reached around +2.0 t. Despite the overall carbon 
deficit within the agrocenosis system (caused by 
biological activity and biomass removal), the re-
turn of crop by-products to the soil acts as an ef-
fective mechanism for carbon sequestration. The 
superiority of crop by-products over manure (at a 
rate of 6 t ha⁻¹) with respect to the restoration of 
soil carbon reserves was statistically confirmed. 
This is explained by the more uniform distribu-
tion of plant residues within the plough layer and 
their gradual humification, which ensures a stable 
input of organic carbon (Corg.) into the soil ma-
trix. By contrast, low manure application rates are 
unable to halt the degradation of carbon reserves, 
resulting in a negative balance even in crop rota-
tions, including perennial grasses.

Organic carbon (Corg.) reserves constitute a 
fundamental indicator of the potential fertility and 
environmental sustainability of agricultural land-
scapes. The research findings (Figure 6) revealed 
substantial differentiation in the Corg. content 

Figure 4. Nitrogen balance in agrocenoses depending on the fertilisation system and crop rotation type, kg ha⁻¹
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depending on the type of organic fertiliser and the 
structure of the crop rotation. The obtained data 
confirm the hypothesis regarding the high effi-
ciency of crop by-products (plant residues) as a 
principal factor of carbon sequestration in mod-
ern agricultural systems. The considerable differ-
ence in the Corg. content between the manure and 
crop by-product treatments (despite the identical 
physical application rate of 6 t ha⁻¹) indicates the 
qualitative superiority of biomass transformed 
directly within the soil environment. Such dy-
namics indicate the transition of agrocenoses 
to a higher level of organic matter stabilisation 
through the use of plant residues, which is stra-
tegically important for mitigating the effects of 
climate change and preventing soil degradation.

The intensity balance index (Ib) makes it 
possible to assess the level of replenishment of 
nutrients and organic matter within the system. 
According to the research findings (Figure 7), a 
critical dependence of Ib on the source of organic 
fertilisation was established. Under manure appli-
cation in both crop rotations, a deficit level was 
recorded (Ib = 66–97%). The transition to the use 
of crop by-products (6 t ha⁻¹) ensured a surplus 
balance: 108 ± 5% in the pea-based crop rotation 
and the highest value of 130 ± 6% in the grass-
based crop rotation.

The use of crop by-products ensured enhanced 
reproduction of soil Corg. (Ib > 100%), whereas 
manure application resulted in a carbon deficit, 
with the level of compensation for mineralisation 
losses not exceeding 60–102%, depending on the 
crop rotation. In all treatments, the intensity of 
the overall carbon balance within the agrocenosis 

system remained low, which is explained by the 
substantial expenditure of energy and biomass 
required to maintain agroecosystem function-
ing. Thus, the application of crop by-products at 
a rate of 6 t ha⁻¹ represents a considerably more 
effective approach for ensuring a sustainable ni-
trogen balance and carbon sequestration in soil 
compared with an equivalent rate of manure. The 
statistical significance of the results (p < 0.05) 
confirms the advantage of the biogenic transfor-
mation of plant residues in situ. The calculations 
demonstrate that, alongside the influence of the 
type of organic fertiliser and crop rotation system, 
tillage also affected N cycling (Table 1). 

Data are presented as Mean ± SE. Different 
lowercase letters in the same row indicate statisti-
cally significant differences between tillage meth-
ods according to Tukey’s HSD test (p < 0.05).

The application of different tillage technolo-
gies demonstrated a direct relationship between 
the intensity of soil loosening and nitrogen re-
moval. The highest feed unit yield (31.7 t) and 
corresponding nitrogen removal with yield (645 
kg) were recorded under conventional plough-
ing. Transition to non-inversion tillage resulted in 
only a slight decrease in productivity (to 31.0 t), 
whereas minimum tillage caused a more substan-
tial reduction in productivity, to 28.1 t. Total ni-
trogen removal from the agrocenosis was greatest 
under ploughing (813 kg), exceeding the values 
for non-inversion tillage by 17 kg and for mini-
mum tillage by 252 kg. This indicates a greater 
mineralisation capacity of nitrogen compounds 
under the conditions of intensive soil aeration as-
sociated with ploughing.

Figure 5. Carbon balance as a function of fertilisation systems and crop rotation.
Different lowercase letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05)
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Figure 6. Soil organic carbon content as a function of fertilisation and crop rotation, t ha⁻¹.
Different lowercase letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05)

Figure 7. Nitrogen and carbon balance index as a function of fertilisation system and crop rotation type. 
Different lowercase letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05)

Table 1. Influence of tillage methods on the standardised parameters of nitrogen-carbon cycling in agrocenoses of 
the Forest-Steppe of Ukraine

Cycling parameters

Soil tillage method

Ploughing Non-inversion tillage Minimum tillage

(X̄ ± S)

Feed unit yield, t ha⁻¹ 31.7 ± 1.7 31.0 ± 1.9 28.1 ± 2.0

N removal with yield, kg 645 ± 21.5 628 ± 52.3 447.5 ± 36.8

Total N removal, kg 813 ± 103.0 796 ± 82.3 561 ± 49.0

N input from crop by-products, kg 488 ± 74.8 488 ± 79.3 450 ± 38.5

N content in the agrocenosis, kg 742 ± 126.3 717 ± 113.8 637 ± 147.5

N balance, kg (±) -68.0 ± 82.5 -80.4 ± 98.5 103 ± 106.8

Ib, % in the agrocenosis 94.6 ± 9.9 94.1 ± 12.8 122 ± 4.8

Corg. balance in the agrocenosis, t -39.8 ± 3.8 -29.5 ± 3.0 -27.3 ± 2.8

Soil Corg. balance, t -0.75 ± 1.2 1.4 ± 1.1 0.71 ± 0.9

Ib (agrocenosis Corg.), % 62.7 ± 16.5 55.3 ± 16.0 57.8 ± 15.5

Ib (soil Corg.), % 93.9 ± 9.8 97.3 ± 14.5 93.6 ± 14.3

Corg. (CO2), t 77.5 ± 15.4 67.9 ± 8.7 60.2 ± 13.3

Note: X̄ – mean value of the indicator; S – standard deviation; Ib – balance intensity.
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The study revealed a fundamental difference 
in the formation of the nitrogen balance depend-
ing on the tillage method. A deficit nitrogen bal-
ance was observed under deep tillage systems: 
ploughing (-68.0 kg) and non-inversion tillage 
(-80.4 kg), where balance intensity amounted to 
only 94.1–94.6%. A positive nitrogen balance 
(+103 kg) was achieved exclusively under mini-
mum tillage. Despite the lower productivity, the 
balance intensity in this treatment reached 122%, 
indicating enhanced reproduction of the nitro-
gen potential of the agrocenosis. The dynamics 
of organic carbon (Corg.) demonstrated the en-
vironmental advantages of reduced tillage inten-
sity. The soil Corg. balance under ploughing was 
deficit-based (-0.75 t), whereas non-inversion 
(+1.4 t) and minimum (+0.71 t) tillage promoted 
carbon accumulation (sequestration). CO2 emis-
sions, as an indicator of the intensity of organic 
matter mineralisation, showed a clear decreasing 
trend: from 77.5 t under ploughing to 60.2 t under 
minimum tillage. This confirms that reducing till-
age depth slows carbon losses to the atmosphere. 
The balance intensity indicator for soil carbon 
under all tillage methods was close to optimal 
(93.6–97.3%), indicating relative stability of hu-
mus status under the application of crop by-prod-
ucts. Thus, minimisation of soil tillage in com-
bination with the use of crop by-products makes 
it possible to simulate the natural carbon cycle. 
Surface localisation of organic residues under 
non-inversion and minimum tillage contributes to 
the restoration of organic carbon (Corg.) reserves 
and to a substantial reduction (by 12.6–22.3%) 

in greenhouse gas (CO2) emissions. This brings 
agrocenoses closer to their natural functional sta-
tus and correlates with the findings concerning 
reductions in total emissions along the sequence 
“arable land – fallow – virgin land”, as confirmed 
by the research of Demydenko (2025).

The interaction between carbon and nitrogen 
cycles in agrocenoses significantly affects the ni-
trogen and carbon content in agricultural crops, de-
tritus, and soil organic matter, while the intensity 
of nitrogen and carbon cycling is determined by 
the C:N ratio both in the soil and within agroceno-
ses as a whole, as emphasised by Daly and Hernan-
dez-Ramirez (2020), Fenice (2021), and Jesmin et 
al. (2021). The use of different types of organic 
fertilisers, as noted by Luxhoi et al. (2006), influ-
ences the removal of both nitrogen and carbon. 
From the perspective of nutrient balance and en-
vironmental sustainability, non-inversion tillage is 
considered optimal, as according to Canadell et al. 
(2007) and McNeill and Unkovich (2007), it com-
bines high productivity with a positive soil carbon 
balance and moderate CO2 emissions. Based on 
the data presented in Figures 8–10, an analysis 
was conducted of the organic carbon-to-nitrogen 
ratio indicators, which represent key indicators of 
mineralisation intensity, humus formation, and ag-
rocenosis stability in the Forest-Steppe zone. In the 
presented calculations, the parameter is expressed 
in standardised units: kg Corg per 1 kg N.

The type of fertiliser proved to be the most 
significant factor determining differentiation in 
the carbon-to-nitrogen ratio. Crop by-products 
were characterised by a considerably wider ratio 

Figure 8. Carbon-to-nitrogen (C:N) ratio in agrocenoses under the application of different organic fertilisers. 
Different lowercase letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05)
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across all components of the cycling process. The 
C:N input ratio reached 53.2, which was almost 
twice as high as the value recorded for manure 
(28.0). This resulted in a higher level of carbon 
stabilisation within the agrocenosis (C:N = 54.2) 
and slower mineralisation. Manure provided a 
narrower ratio (C:N = 36.9 within the agroceno-
sis), indicating a higher nitrogen concentration 
and more rapid mobilisation of nutrients, but a 
lower potential for long-term carbon sequestra-
tion. According to Kucher et al. (2019), the type 
of agricultural crop determines the chemical 
composition of biomass and differences in nutri-
ent removal. The grass-based crop rotation dem-
onstrated higher C:N ratio values both in yield 
removal (67.8) and across the agrocenosis as a 
whole (50.5). This is explained by the high cel-
lulose and lignin content of grass residues. Owing 
to the nitrogen-fixing capacity of legumes and the 
higher protein content of their biomass, the C:N 
ratio was considerably lower – 44.3 (removal) 
and 40.6 (within the agrocenosis) – thereby pro-
moting more intensive nitrogen cycling.

Mechanical impact on the soil exerted a less 
pronounced, though statistically significant, effect 
on nutrient transformation. Ploughing promoted 
the formation of a slightly wider ratio within the 
agrocenosis (47.7) compared with non-inversion 
tillage (44.3). This may result from more inten-
sive mixing of the soil profile and activation of 
aerobic processes. The minimum tillage treatment 

occupied an intermediate position, demonstrating 
a C:N ratio of 46.0 within the agrocenosis and 
56.5 regarding yield removal, which indicates a 
moderate impact on the transformation of organic 
matter. Non-inversion tillage, by minimising soil 
disturbance, reduced the range of values (32.5–
53.5 compared with 35.5–54.0 under ploughing), 
indicating greater stability of nitrogen–carbon cy-
cling under this technology. Thus, for the sustain-
able management of Forest-Steppe agrocenoses, 
it is advisable to combine minimum tillage with 
the use of crop by-products, making it possible 
to maintain an optimal C:N ratio for preserving 
chernozem fertility.

There are numerous publications presenting 
a sceptical perspective on the role of intensive 
chemical amendments in the long-term preserva-
tion of soil fertility. According to Schulze (2000) 
and Breza and Grandy (2025), although mineral 
fertilisers accelerate biomass accumulation, they 
frequently lead to disruption of soil system ho-
meostasis and intensification of humus miner-
alisation. However, under the conditions of the 
contemporary Ukrainian agricultural market, 
which requires resource conservation, increasing 
attention is being directed towards alternatives to 
costly mineral fertilisers (Tsentylo et al., 2019; 
Tsentylo and Tsyuk, 2022). Particular interest is 
focused on the methods of managing natural ni-
trogen and carbon cycles through the use of crop 
by-products and optimisation of tillage practices.

Figure 9. Carbon-to-nitrogen ratio in agrocenoses of different types.
Different lowercase letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05)
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The present study confirmed that the use of crop 
by-products (6–7 t ha⁻¹) is a more effective tool for 
managing the nitrogen-carbon cycle compared with 
manure. Under manure application, a deficit nitro-
gen balance was observed (-345 kg in the pea-based 
crop rotation), which is explained by intensive nu-
trient removal not compensated by nutrient input. 
By contrast, the incorporation of crop by-products 
ensured a linearly increasing input of total nitrogen, 
generating a positive balance (+97.8 to +189 kg). 
This is consistent with recent findings by P. Shao et 
al. (2020), demonstrating that organic residues are 
capable of “tightening” the nitrogen cycle through 
stimulation of microbial immobilisation. 

Effective management of chernozem fertil-
ity in the Forest-Steppe zone requires consider-
ation of the stress imposed by climate warming. 
It was established that under intensified tillage 
(ploughing), the rate of soil respiration increases, 
resulting in a deficit carbon balance (−0.75 t). The 
transition to non-inversion tillage makes it pos-
sible to simulate the natural carbon cycle, ensur-
ing sequestration of organic carbon (Corg.) in the 
soil (+1.4 t) and reducing CO2 emissions by 12.6–
22.3%. This confirms the role of tillage as a sub-
ordinate regulatory subsystem within the overall 
cycling of nutrients (Brodowska et al., 2022).

Particular importance is attached to the C:N 
ratio as an indicator of agrocenosis stability. In 
the current research, the use of crop by-products 
ensured an expansion of the C:N ratio to values 
almost twice as high as those observed for ma-
nure. Such a wide ratio under the use of crop 
by-products and grasses creates favourable con-
ditions for humus accumulation, since the excess 
carbon limits rapid mineralisation. Similar pat-
terns were also reported by Friedlingstein et al. 

(2006) and D. Meng et al. (2022), who indicated 
that nitrogen availability is a key driver of carbon 
sequestration in plant communities. Thus, com-
parison of the present findings with those of other 
authors confirms the high efficiency of adaptive 
soil restoration measures. The combination of 
minimum tillage with the use of shredded crop 
by-products makes it possible not only to stabilise 
crop productivity, but also to restore the natural 
status of nitrogen-carbon cycling, which is criti-
cally important for the food and environmental 
security of Ukraine. Further research should fo-
cus on the long-term (over 2–3 crop rotation cy-
cles) effects of crop by-products on the fractional 
composition of humus and soil microbiological 
activity. Particular attention should also be de-
voted to investigating the synergistic effects of 
combining different types of plant residues with 
microbiological preparations to accelerate cellu-
lose decomposition and optimise nutrient release 
during the critical stages of crop development.

While this long-term study was conducted in 
the Forest-Steppe zone of Ukraine, the observed 
patterns of nitrogen and carbon cycling have broad-
er implications for sustainable agriculture in other 
temperate agroecosystems. Regions with similar 
climatic and soil conditions, such as Central and 
Eastern Europe or parts of the North American 
Great Plains, face comparable challenges regarding 
soil organic matter depletion and climate change 
adaptation. The demonstrated effectiveness of com-
bining non-inversion tillage with the application of 
crop by-products can serve as a highly adaptable 
strategy. Implementing these practices can help 
optimise the C:N balance, enhance carbon seques-
tration, and maintain long-term soil fertility across 
various temperate agricultural zones globally.

Figure 10. Carbon-to-nitrogen (C:N) ratio in agrocenoses under different soil tillage methods (kg C / kg N). 
Different lowercase letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05)
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CONCLUSIONS

The study established that manure applica-
tion at a rate of 6 t ha⁻¹ does not compensate for 
nitrogen removal with yield and leads to a sub-
stantial nitrogen deficit (from - 61.4 to -345 kg). 
By contrast, the use of an equivalent rate of crop 
by-products (6 t ha⁻¹) fundamentally alters the di-
rection of the processes, ensuring a positive ni-
trogen balance (+97.8 to +189 kg) and a balance 
intensity of 108–130%. The highest level of nitro-
gen accumulation in the agrocenosis (837 kg) was 
recorded in the pea-based crop rotation under the 
return of plant residues to the soil. Crop by-prod-
ucts proved to be a considerably more effective 
resource for carbon sequestration compared with 
manure applied at low rates. Despite the overall 
negative carbon balance within the agrocenosis 
system (caused by biological CO2 emissions), the 
use of plant residues ensured enhanced reproduc-
tion of organic carbon (Corg.) directly in the soil, 
with an intensity exceeding 100%. This made it 
possible to achieve maximum carbon reserves of 
111 ± 5.6 t in the pea-based crop rotation, which 
was three times higher than the values recorded in 
the manure treatments.

It was established that crop rotation struc-
ture plays a decisive role in synergy with organic 
fertilisation. The pea component demonstrated 
greater intensity of nitrogen and carbon cycling, 
which is explained by the combination of biologi-
cal nitrogen fixation and the high quality of resid-
ual biomass. In the crop rotation with perennial 
grasses, greater stability of the nitrogen balance 
was observed; however, in terms of carbon ac-
cumulation potential, it was inferior to the leg-
ume-based rotation. The obtained results confirm 
that, under the conditions of limited availability 
of traditional organic fertilisers, the complete re-
turn of crop by-products combined with legumi-
nous crops represents the most rational strategy 
for maintaining soil homeostasis. This approach 
makes it possible not only to prevent degradation 
of humus status but also to actively increase fer-
tility potential in intensive agrocenoses.

The advantage of non-inversion tillage over 
ploughing in the management of nitrogen-carbon 
cycling in chernozem soils lies in its ability to 
ensure a progressively positive carbon balance, 
whereas under ploughing this process is char-
acterised by a parabolic relationship with an in-
creasing deficit. It was established that inversion 
tillage intensifies mineralisation processes, as 

confirmed by the wider range of CO2 emissions 
compared with reduced tillage methods. Fu-
ture research will focus on long-term modelling 
of soil organic matter dynamics under varying 
agro-climatic extremes, as well as evaluating the 
economic and energy efficiency of the studied 
crop rotation models in the Forest-Steppe region.

Acknowledgement

The activity funded by the Swedish Institute 
“Ukraine Natural Science Talent Empowerment 
(UNSTE)” (grant number 01254/2023).

REFERENCES

1.	 Anishin, L.A., Hrytsayenko, Z.M., Ponomarenko, 
S.P., Hryhoryuk, I.P., Serha, O.I. (2014). Utilisation of 
carbon dioxide under the conditions of growing grain 
crops with the use of growth biostimulants. Scientific 
Bulletin of the National University of Life and Envi-
ronmental Sciences of Ukraine, 10(2): 31–33. https://
scireports.com.ua/uk/journals/tom-10-2-2014#!

2.	 Balyuk, S.A., Grekov, M.V., Lisovyi, A.V. (2011). 
Calculation of the balance of humus and nutrients in 
agriculture in Ukraine at different levels of manage-
ment. KP “City Printing House”. 30p.

3.	 Blanco-Canqui, H., Ruis, S. J. (2018). No-tillage and 
soil physical environment. Geoderma, 326, 164–200. 
https://doi.org/10.1016/j.geoderma.2018.03.011

4.	 Breza, L. C., Grandy, A. S. (2025). Organic 
amendments tighten nitrogen cycling in agricul-
tural soils: a meta-analysis on gross nitrogen flux. 
Frontiers in Agronomy, 7. https://doi.org/10.3389/
fagro.2025.1472749

5.	 Brodowska, M.S., Wyszkowski, M., Bujanowicz-
Haraś, B. (2022). Mineral fertilization and maize 
cultivation as factors which determine the content of 
trace elements in soil. Agronomy, 12(2): 286. https://
doi.org/10.3390/agronomy12020286

6.	 Canadell, J.G., Pataki, D.E., Gifford, R., Houghton, 
R.A., Luo, Y., Raupach, M.R., Smith, P., Steffen, W. 
(2007). Saturation of the terrestrial carbon sink. In 
Terrestrial ecosystems in a changing world, 59–78 
https://doi.org/10.1007/978-3-540-32730-1_6

7.	 Dalias, P., Christou, A. (2022). Secondary immobi-
lization as a phase of N mineralization dynamics of 
soil organic inputs. Nitrogen, 3(4), 600–607. https://
doi.org/10.3390/nitrogen3040039

8.	 Daly, E.J., Hernandez-Ramirez, G. (2020). Sources 
and priming of soil N₂O and CO₂ production: Ni-
trogen and simulated exudate additions. Soil Biol-
ogy and Biochemistry, 149, 107942. https://doi.
org/10.1016/j.soilbio.2020.107942



351

Journal of Ecological Engineering 2026, 27(11), 338–352

9.	 Demydenko, O.V. (2025). Carbon control of ni-
trogen mineralization and immobilization cycle in 
Forest-Steppe agrocoenosis. Bulletin of Agricultur-
al Science, 103(5), 22–32. https://doi.org/10.31073/
agrovisnyk202505-03

10.	DSTU 4115-2002. (2002). Soils. Determination of 
mobile phosphorus and potassium compounds by the 
modified Chyrykov method. https://online.budstan-
dart.com/ua/catalog/doc-page.html?id_doc=58863

11.	DSTU 4289-2004. (2004). Soil quality. Methods for 
determining organic matter. https://online.budstan-
dart.com/ua/catalog/doc-page.html?id_doc=56400

12.	DSTU 7030-2009. (2009). Crop production. Rules 
for taking soil samples and plant samples on hop 
plantations. https://zakon.rada.gov.ua/rada/show/
v0193609-09#Text

13.	DSTU ISO 10390-2007. (2007). Soil quality – de-
termination of pH (ISO 10390:2005, IDT). https://
online.budstandart.com/ua/catalog/doc-page.
html?id_doc=29452

14.	Fenice, M. (2021). The nitrogen cycle: An 
overview. Nitrogen Cycle, 1–21. https://doi.
org/10.1201/9780429291180-1

15.	Friedlingstein, P., Cox, P., Betts, R., Bopp, L., Von 
Bloh, W., Brovkin, V., Cadule, P., Doney, S., Eby, M., 
Fung, I., Bala, G., John, J., Jones, C., Joos, F., Kato, 
T., Kawamiya, M., Knorr, W., Lindsay, K., Matthews, 
H. D.,... Totterdell, I. (2006). Climate-carbon cycle 
feedback analysis: Results from the C4MIP model 
intercomparison. Journal of Climate, 19(14), 3337–
3353. https://doi.org/10.1175/jcli3800.1

16.	Intergovernmental Panel on Climate Change. 
(2008). National greenhouse gas inventories. 4. Ag-
riculture, forestry and other land use. https://www.
ipcc-nggip.iges.or.jp

17.	Jesmin, T., Mitchell, D.T., Mulvaney, R.L. (2021). 
Short-term effect of nitrogen fertilization on car-
bon mineralization during corn residue decompo-
sition in soil. Nitrogen, 2(4), 444–460. https://doi.
org/10.3390/nitrogen2040030

18.	Jones, C.D. (2021). Numerical modeling of the 
global climate and carbon cycle system. Cli-
mate Change, 67–91. https://doi.org/10.1016/
b978-0-12-821575-3.00004-9

19.	Kalbande, S., Goud, A., Hivare, V., Bhendark-
ar, M., Ramteke, K. (2023). Climate change 
and microbes: Mechanisms of action in terres-
trial and aquatic biosystems. Climate Change 
and Microbiome Dynamics, 71–82. https://doi.
org/10.1007/978-3-031-21079-2_5

20.	Kucher, L. (2019). Forecasting of the impact of 
acidity on the content of mobile forms of potas-
sium in the soils of forest-steppes of Ukraine. Polish 
Journal of Soil Science, 52(2), 269–275. https://doi.
org/17951/pjss.2019.52.2.269

21.	Kucher, L., Poltoretskyi, S., Vasylenko, O., Kras-
noshtan, I., Zamorskyi, O., Manzii, O., Boroday, V., 
Voitsekhivska, O., Voitsekhivskyi, V., Beregniak, 
Ye. (2022). Peculiarities of the primary process of 
the soil formation on the mine rock dumps under 
the influence of biotic factors. Journal of Eco-
logical Engineering, 23(11), 101–108. https://doi.
org/10.12911/22998993/153399

22.	Lal, R. (2019). Managing soils for resolving the 
conflict between agriculture and nature: The hard 
talk. European Journal of Soil Science, 71(1), 1–9. 
Portico. https://doi.org/10.1111/ejss.12857

23.	Luxhoi, J., Bruun, S., Stenberg, B., Breland, T.A., 
Jensen, L.S. (2006). Prediction of gross and net 
nitrogen mineralization-immobilization-turnover 
from respiration. Soil Science Society of America 
Journal, 70(4), 1121–1128. https://doi.org/10.2136/
sssaj2005.0133

24.	McNeill, A., Unkovich, M. (2007). The nitrogen 
cycle in terrestrial ecosystems. Nutrient Cycling 
in Terrestrial Ecosystems, 37–64. https://doi.
org/10.1007/978-3-540-68027-7_2

25.	Meng, D., Cheng, H., Shao, Y., Luo, M., Xu, D., Liu, 
Z., Ma, L. (2022). Progress on the effect of nitrogen 
on transformation of soil organic carbon. Processes, 
10(11), 2425. https://doi.org/10.3390/pr10112425

26.	Mondal, S., Chakraborty, D., Bandyopadhyay, K., 
Aggarwal, P., Rana, D. S. (2020). A global analy-
sis of the impact of zero‐tillage on soil physical 
condition, organic carbon content, and plant root 
response. Land Degradation &Amp; Development, 
31(5), 557–567. Portico. https://doi.org/10.1002/
ldr.3470

27.	Parray, J. A. (Ed.). (2023). Climate change 
and microbiome dynamics. Climate 
Change Management. Springer. https://doi.
org/10.1007/978-3-031-21079-2

28.	Prysiazhniuk, O., Storozhyk, L., Humentyk, M., 
Svyrydov, A., Svyrydova, L. (2022). Optimal time 
of plant growth regulator application to Sorghum 
canopy according to BBCH and Kuperman crop 
growth scales. Plant and Soil Science, 13(4), 46–56. 
https://doi.org/10.31548/agr.13(4).2022.46-56

29.	Quan, Z., Huang, B., Lu, C., Su, C., Song, L., Zhao, 
X., Shi, Y., Chen, X., Fang, Y. (2021). Effects of 
ryegrass amendments on immobilization and min-
eralization of nitrogen in a plastic shed soil: A 15N 
tracer study. CATENA, 203, 105325. https://doi.
org/10.1016/j.catena.2021.105325

30.	Rechcigl, M. (2018). Nutrient sources and feed 
additives. Handbook of nutritional supplements, 
12–157. https://doi.org/10.1201/9781351072977-6

31.	Schulze, E.-D. (2000). The carbon and nitrogen cy-
cle of forest ecosystems. Carbon and Nitrogen Cy-
cling in European Forest Ecosystems, 3–13. https://
doi.org/10.1007/978-3-642-57219-7_1



352

Journal of Ecological Engineering 2026, 27(11), 338–352

32.	Shao, P., Li, T., Yang, H., Sun, J. (2020). Microbial 
residues as indicator for inorganic carbon transition 
to organic carbon in coastal saline soils. Authorea. 
https://doi.org/10.22541/au.160071353.34960999

33.	Skrypchuk, P., Zhukovskyy, V., Shpak, H., Zhu-
kovska, N., Krupko, H. (2020). Applied aspects of 
humus balance modelling in the Rivne region of 
Ukraine. Journal of Ecological Engineering, 21(6), 
42–52. https://doi.org/10.12911/22998993/123255

34.	Sturman, A., & Quénol, H. (2023). Climate Change 
and Agriculture. Climate Change. https://doi.
org/10.1093/hesc/9780198807506.003.0005

35.	Tang, Y., Qiao, Y., Wu, Y., Ma, Y., Zhao, Y., Wang, 
X., Miao, S. (2025). Modeling the effects of crop 
varieties, fertilizer rates and sowing dates on 
crop yields, greenhouse gas emissions and mar-
gins of rice-wheat rotation system under climate 
change scenario. Agriculture, Ecosystems & En-
vironment, 388, 109665. https://doi.org/10.1016/j.
agee.2025.109665

36.	Tkalenko, H., Gadzalo, Ya., Borzykh, O., Horal, 
S. (2021). In vitro screening of new strains of pre-
dacious nematophagous fungi for biocontrol suit-
ability when produced in liquid culture. Agricul-
tural Science and Practice, 8(2), 3–15. https://doi.
org/10.15407/agrisp8.02.003

37.	Tsentylo, L.V., Tsyuk, O.A. (2022). Nitrogate mode 
of blacksmith type depending on growth adjust-
ment and processing. Biological Resources and 
Nature Management, 11(1–2), 107–114. https://doi.
org/10.31548/bio2019.01.012

38.	Tsentylo, L.V., Tsyuk, O.A., Melnyk, V.I. (2019a). 
Energy efficiency of growth transport and process-
ing systems. Biological Resources and Nature Man-
agement, 11(3–4), 90–96. https://doi.org/10.31548/
bio2019.03.010

39.	Yanitskyi, V. (2024). The impact of herbaceous plants 
on biodiversity and stability of pine plantations in 
Western Polissia. Plant and Soil Science, 15(2), 
42–54. https://doi.org/10.31548/plant2.2024.42




