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The environment and natural resources are essential 
for the growth of key sectors of the economy, such as 
agriculture and the food sector (https://www.consilium.
europa.eu/pl/policies/biodiversity). Agricultural prac-
tices, environmental factors, and climatic conditions 
are interconnected through various feedback loops. The 
main environmental challenges faced by agriculture 
include the management of land use, disruptions in the 
natural flow of macronutrients, climate change impacts, 
and the availability of water resources.

Global development forecasts suggest a persistent 
rise in both population numbers and economic activi-

ties (1, 10). This represents a significant challenge in 
terms of food, ecological, and economic security. 
Scientific research has shown that human activities 
leading to greenhouse gas (GHG) emissions and a de-
clining capacity of the Earth to absorb them are the 
primary drivers of climate change. Climate change 
affects agriculture both directly, by altering climatic 
factors that determine crop yields (such as temperature, 
rainfall distribution, and soil moisture), and indirectly, 
by influencing the abundance and diversity of patho-
gens and pests (33). Its consequences extend beyond 
rising air temperatures to modifications in hydrologi-

Livestock production within the context of the global 
nitrogen cycle – an overview of processes, impacts, 

and mitigation options related to sustainable 
agriculture and European Union policies

EWA JAKIMIUK

Department of Veterinary Prevention and Feed Hygiene, Faculty of Veterinary Medicine,  
University of Warmia and Mazury in Olsztyn, Oczapowskiego 13, 10-718 Olsztyn, Poland

Received 11.08.2025	 Accepted 30.03.2026

Jakimiuk E.
Livestock production within the context of the global nitrogen cycle – an overview of processes, 
impacts, and mitigation options related to sustainable agriculture and European Union policies

Summary
The global nitrogen cycle has been significantly disrupted due to anthropogenic activities. The growing 

demand for food and energy contributes to the increased production of reactive nitrogen through chemical 
synthesis (the Haber-Bosch process). Negative consequences of intensified agricultural production include 
the impact of nitrogen compounds on the natural environment and human health. Due to the cascading and 
cumulative effects of reactive nitrogen compounds, it is essential to understand the processes of nitrogen 
transformation processes during agricultural production and their influence on the global nitrogen cycle. 
Agricultural production is inseparably linked with the surrounding ecosystem. While intensification of 
agricultural production improves profitability, it also leads to greater generation of by-products (manure, 
slurry) and greenhouse gas emissions. Modern agriculture faces new challenges, including the protection of 
the natural environment, climate change mitigation, and adaptation to changing environmental and climatic 
conditions. The agricultural sector, due to international agreements and national legal regulations, is obligated 
to take action to reduce the excessive and uncontrolled dispersion of biogenic compounds into soil and water. 
Nutritional strategies applied in livestock production are one of the key elements of environmental protection 
measures, due to their immediate applicability, positive effects on economic efficiency, and real potential to 
reduce the dispersion of reactive nitrogen compounds into the environment.

The aim of this paper is to present the key aspects linking livestock production with the nitrogen cycle. 
Rational nitrogen management requires an understanding of the processes nitrogen compounds undergo in the 
biosphere to effectively manage and mitigate their negative environmental impacts, and to enhance effective 
collaboration between the scientific community, veterinarians, animal scientists, and agricultural producers.
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cal cycles, the increased frequency, and intensity of 
extreme weather events. The risks of new diseases and 
shifts in the abundance and diversity of flora and fauna 
are also growing (27). Climate change may reduce 
productivity across various agricultural branches, thus 
limiting both the quantity and quality of food and feed 
produced. Many scientists warn that the planet’s ability 
to regenerate, often referred to as planetary boundaries, 
may soon be surpassed. The ongoing exploitation of 
natural resources creates the need for integrated mea-
sures to balance GHG emissions (climate neutrality) 
by strengthening ecosystem capacity to absorb these 
gases (2, 56).

For many years, international efforts have been 
made to mitigate climate change. The idea of sustain-
able development, which emerged in the 1980s, has 
been incorporated into agricultural strategies. Through 
the Common Agricultural Policy (CAP) and national 
policies and guidelines, agriculture is expected to 
follow the environmental protection standards set by 
the European Union (EU). The European Green Deal, 
the Farm to Fork Strategy, and the EU Biodiversity 
Strategy for 2030 are interrelated and mutually sup-
portive initiatives. They are accompanied by policy 
changes aimed at fostering sustainable agricultural 
practices and food production within EU member na-
tions (90). This is accomplished through adaptation 
strategies, which respond to evolving environmental 
and climatic conditions, as well as mitigation efforts 
that focus on lowering greenhouse gas emissions. 
Agriculture is one of the few economic sectors with 
significant potential not only to reduce GHG emissions 
but also to sequester carbon dioxide (CO2) (31, 82).

Greenhouse gas emissions  
from agriculture in Poland

In Poland in 2023, the total anthropogenic green-
house gas emissions, expressed in CO2 equivalent, 
amounted to 348 Mt CO2eq. The dominant contributors 
to national emissions were carbon dioxide (81.4%), 
methane (11.5%), and nitrous oxide (5.9%). According 
to the report by the National Centre for Emissions 
Management (KOBiZE), in 2023, greenhouse gas 
emissions from the agricultural sector in Poland rep-
resented 9.8% of the nation’s overall human-induced 
emissions (https://www.kobize.pl/pl/fileCategory/
id/16/krajowa-inwentaryzacja-emisji). The energy 
sector remains the largest source of CO2 emissions 
(92.9%). In contrast, agriculture contributes only 0.4% 
of CO2 emissions, mainly due to crop intensification, 
which is largely offset by the ability of cultivated 
biomass to sequester carbon. The low CO2 emis-
sion value in the „Agriculture” category results from 
reporting conventions that separate GHG emissions 
by sources and types. Actual CO2 emissions from 
agriculture are higher when considering the entire 
food system, including emissions from deforestation, 
peatland drainage, land-use change (LULUCF), fossil  

fuel combustion in agricultural machinery (energy 
sector), and fertilizer production (industry). It is worth 
noting that the classic Haber-Bosch process, due to 
its energy consumption, may be responsible for up to 
2% of global CO2 emissions (72). In that same year, 
methane emissions from agriculture made up 40.7% 
of the country’s total emissions. The primary sources 
of agricultural methane were enteric fermentation in 
livestock (36.5%) and manure management (4.07%). 
The total emissions of nitrous oxide (N2O) across the 
nation in 2023 reached 20.72 million tons CO2, with 
the agriculture sector contributing to 80.8%. Nitrous 
oxide significantly contributes to the greenhouse effect 
because it remains in the atmosphere for a long time 
(about 120 years) and has a global warming potential 
of 265 times that of CO2 over a 100-year period. In 
Poland, most agricultural N2O emissions came from: 
the fertilization of farmland (68.8%) and livestock 
waste (12%), particularly from cattle and pigs.

Nitrogen emissions  
and EU strategies for mitigation

Agriculture is considered the primary source of 
excessive nitrogen emissions into the environment, 
both from crop and livestock production. Under the 
framework of the European Green Deal, the European 
Commission has introduced measures aimed at re-
ducing nitrogen losses by limiting its dispersion into 
the atmosphere, soil, and water. The integrated EU 
approach to reducing reactive nitrogen forms (RNF) 
within the food system focuses on three key areas:  
(1) improving Nitrogen Use Efficiency (NUE) (moni-
toring nitrogen sources and usage, reducing nitrogen 
fertilizer inputs, minimizing field losses, reducing 
emissions from livestock housing and manure man-
agement); (2) reducing nitrogen losses across the food 
system (lowering demand through reduced food waste, 
increasing the use of by-products and waste from the 
food industry, retail, and consumption, improving 
waste processing and management); (3) modifying 
human diets (reducing animal protein and energy in-
take, enabling a 50% reduction in agricultural nitrogen 
demand within the EU).

At present, livestock production is the least efficient 
sector in terms of nitrogen use within the food system. 
Therefore, the most significant potential for reducing 
nitrogen loss lies in: optimizing animal husbandry, im-
proving feeding strategies, and developing sustainable 
manure management practices (3, 32, 38, 82).

Agriculture has a significant impact on the amount 
and diversity of reactive nitrogen species emitted into 
the environment. Animal husbandry is an important 
branch of agricultural production and is closely linked 
to crop production. Data collected in Poland from 2004 
to 2022 shows that RNF emissions were linked to the 
type of nitrogen fertilizers applied, whether mineral or 
natural (32, 82). Integrated actions undertaken at both 
European and global levels are intended to counteract 
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the negative effects of nitrogen on nature. In Poland, 
reducing RNF emissions may be one of the most 
difficult to achieve due to the significant number of 
small and medium-sized farms (13, 38). To grasp the 
intent and extent of these initiatives, it is essential to 
understand how agroecosystems influence the global 
nitrogen cycle’s balance. To compile a  comprehen-
sive and well-structured literature selection for the 
review, the following criteria were adopted: databases 
(PubMed, Scopus, Google Scholar), keywords (global 
nitrogen cycle, reactive nitrogen compounds, animal 
production, greenhouse gas emissions), logical opera-
tors (“and”, „or”), and publication type (peer-reviewed 
articles).

The nitrogen cycle
Nitrogen is a  key biogenic element essential for 

sustaining life. Alongside carbon, oxygen, and hy-
drogen, it constitutes the foundational components of 
proteins, nucleic acids, glycosaminoglycans, complex 
lipids, and nucleotides, which are key to processes such 
as photosynthesis, cellular respiration, and lipid me-
tabolism. Nitrogen is also a component of porphyrins, 
chlorophyll, cytochromes, various secondary metabo-
lites (e.g., alkaloids, glucosinolates, cyanogenic gly-
cosides), and excretory products (e.g., urea, uric acid).

The overall nitrogen stock on our planet is thought to 
be around 1.6 × 1017 tons. The primary sources of this 
nitrogen are the atmosphere (approximately 3.86 × 1015 
tons), the lithosphere (around 1.64 × 1015 tons), and the 
biosphere (close to 2.8 × 1011 tons). Nitrogen occurs in 
various oxidation states and chemical forms (Tab. 1). 
Only about 2% of nitrogen present in the geosphere 
can be directly assimilated or converted into reactive 
forms available to living organisms. Within this frac-
tion, nitrogen exists as: i) gaseous forms: atmospheric 
nitrogen (N2), nitrogen oxides (NOx), including nitrous 
oxide (N2O), nitric oxide (NO), nitrogen dioxide 
(NO2), and ammonia (NH3); ii) organic compounds: 
amino acids, proteins, nucleic acids, urea, vitamins, 
chlorophyll, and others; iii) soil nitrogen: present as 
organic compounds and mineral nitrogen – ammonium 
(N-NH4

+) and nitrate (N-NO3
–) (65).

Nitrogen compounds in the geosphere are divided 
into inert and reactive forms (54). Molecular nitro-
gen (N2), the main component of the atmosphere 
(78.084%), is not directly assimilable by plants or 
animals due to the stability of its triple covalent bond 
(16). Reactive nitrogen forms (RNF) encompass all 
biologically, photochemically, and radiatively active 
nitrogen species in the atmosphere and biosphere. 
These sources comprise reduced inorganic forms 
(like NH3 and NH4

+), oxidized inorganic forms (such 
as NOx, N2O, and NO3

–), as well as organic nitrogen 
substances (R-NH3, including proteins, and non-protein 
nitrogen compounds). Under natural conditions, reac-
tive nitrogen is generated through atmospheric light-
ning discharges, mineralization of organic matter, and 
biological nitrogen fixation (BNF), where atmospheric 
N2 is converted into NH3 by prokaryotes (12). From 
an evolutionary perspective, before the emergence of 
humans, RNF did not accumulate in ecosystems, as 
the processes of nitrogen activation and deactivation 
(e.g., denitrification) remained in balance. Today, due 
to industrialization, RNF accumulation occurs at local, 
regional, and global scales (16). The primary anthro-
pogenic sources of RNF are: leguminous crops sup-
porting the transformation of N2 into organic nitrogen 
via biological nitrogen fixation, fossil fuel combustion, 
where both atmospheric and fossil nitrogen undergo 
oxidation to form NOx, while the Haber-Bosch method 
transforms unreactive N2 into NH3 for use in fertilizers 
and various industrial applications (17, 18). As a result 
of human activity, RNF has accumulated significantly 
in ecosystems, with cascading and cumulative effects.

The nitrogen cascade
The nitrogen cascade, described by Galloway (17), 

is a sequential process in which reactive nitrogen forms 
are transferred and transformed across environmental 
compartments. The key moment is the formation of 
a reactive nitrogen compound. Once created, a reactive 
nitrogen compound can transform between reduced and 
oxidized inorganic forms depending on environmental 
conditions. Due to the limited efficiency of deactivation 
processes (e.g., denitrification), RNF may remain in 
their place of origin (air, soil, water) or be transported 
via air or water to other ecosystems. The reactive ni-
trogen forms can enter the nitrogen cycle at various 
stages depending on their chemical structure, leading to 
environmental effects both during their movement and 
when they settle in different ecosystems. Thus, the bio-
geochemical circulation pathways and the magnitude 
of RNF fluxes determine whether their effects in the 
biosphere are beneficial (e.g., stimulating plant growth) 
or harmful (e.g., acidification, eutrophication) (18).

Reactive nitrogen compounds  
– environmental interactions

The consequences of human impacts on the global 
nitrogen cycle include both benefits (intensified food 

Tab. 1. Major nitrogen forms in the nitrogen cycle

Name Molecular 
form

Oxidation 
state Chemical process

Organic nitrogen R-NH3 –3

Ox
id

at
io

n

↓

Re
du

ct
io

n

↑

Ammonia NH2 –3

Ammonium ion NH2
+ –3

Molecular nitrogen N2   0

Nitrous oxide N2O +1

Nitric oxide NO +2

Nitrites NO2
– +3

Nitrogen dioxide NO2 +4

Nitrates NO3
– +5
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production) and losses associated with the adverse 
effects of reactive nitrogen forms on human health, 
biodiversity loss, and climate change (60). The influ-
ence of every chemically active nitrogen molecule in 
the environment (ecosystem) persists during its transfer 
until it is immobilized through assimilation into an or-
ganic form (R-NH3) or transformed into a chemically 
inert form (N2). The cascading character of these im-
pacts lies in their ability to trigger various downstream 
effects as nitrogen contained in RNF moves through 
environmental reservoirs. For example, before being 
reconverted to N2, the same atom of reactive nitrogen 
may successively increase tropospheric ozone (O3) 
concentrations, PM2.5 particle concentrations, pre-
cipitation acidity, soil acidity, surface-water acidity, 
hypoxia in coastal waters, the greenhouse effect, and 
influence forest productivity (18, 89).

Nitrogen compounds released through human activi-
ties influence climate change not only in a direct way 
(for example, by reducing the ozone in the stratosphere) 
but also indirectly (such as by changing the way CO2 is 
stored in land and water environments) (58). Nitrogen 
oxides (NO and NO2) interact with sulfur oxides (SOx) 
to create acid rain (74). The chemical reaction of NOx 
from car emissions contributes to the creation of smog. 
Direct contact and NH3 absorption damage the protec-
tive wax layer on plant surfaces, increasing drought 
sensitivity and vulnerability to fungal infections and 
pests (68, 79). In humans and animals, RNF exposure 
increases the incidence of respiratory and cardiovascu-
lar diseases. Nitrate toxicity (NO3

–) stems from its role 
in inducing methemoglobinemia and, as precursors of 
nitrosamines, in causing mutagenic, carcinogenic, and 
teratogenic effects (1, 7, 61).

Globally, agriculture is the primary source of NH3, 
N2O, and NO3– emissions, while industry and transport 
are the main sources of NOx emissions (64, 81). In 
Europe, about 6.7 million tons of nitrogen are emitted 
annually into the atmosphere as NOx, much of which 
after transformation, returns to the soil as nitric acid. 
In Poland, the yearly nitrogen deposition, including 
both wet and dry forms, is between 15 and 20 kg/ha, 
which contributes to the issues of nitrogen pollution 
and the acidification of soil and water (1, 12, 22, 58).

The production of livestock is a major contributor to 
NH3 emissions, primarily caused by the breakdown of 
uric acid in poultry waste and urea in urine through the 
action of enzymes like uricase and urease. In Europe, 
a large portion of NH3 emissions comes from cattle, ac-
counting for 51%, followed by pigs at 15%, and poultry 
at 13%. The levels of emissions are influenced by the 
type and quantity of manure alongside the methods 
and timing of its application (24, 64, 85).

In aquatic ecosystems, nitrogen is mainly present 
in oxidized forms (NO3

–). Nitrate is the most mobile 
form of soil nitrogen, contaminating groundwater 
and aquifers under favorable conditions. Significant 
sources of nitrogen pollution in aquatic ecosystems 

include livestock effluents and fertilizer runoff (66). 
The absorption of nitrogen from fertilizers by plants 
ranges between 30% and 70%, which is contingent 
upon the type of crop, agricultural practices, and the 
kind of fertilizer used (49). High single doses of soluble 
mineral fertilizers lead to the accumulation of mobile 
nitrogen forms in the soil and their leaching into water. 
This leads to eutrophication, which results in algal 
blooms, oxygen depletion, the decay of organic matter, 
and biodiversity loss in aquatic ecosystems. Additional 
effects include diminished aesthetic, recreational, and 
economic values of water bodies. Livestock effluents 
contain nitrogen concentrations of ~1350 mg N/L, 
significantly exceeding the total nitrogen content in 
municipal sewage (~50 mg N/L) (49). Concentrated 
animal production produces significant amounts of 
animal manure containing organic nitrogen (R-NH3). 
Both protein-based nitrogen and non-protein nitrogen 
compounds undergo ammonification and/or nitrifica-
tion. Poor storage practices allow nitrate leaching into 
soil and groundwater (44, 79).

Nitrogen deposition is the third most significant 
factor – after land-use change and climate change 
– affecting global biodiversity and the productivity 
of forests and grasslands (62). When nitrogen inputs 
exceed 5-10 kg N/ha/year, nitrophilous species domi-
nate, displacing oligotrophic species. Eutrophication 
consequently reduces the diversity of plant species, 
which in turn has impacts on the diversity of insects 
and animals (44, 79).

Crop production  
– impacts on the nitrogen cycle

Soil is one of the fundamental factors of production 
in agriculture. Land covers only 29% of the planet’s 
surface. Agriculture occupies more than 35% of the 
planet’s land area, with approximately half of the 
farmland resulting from changes in land use, such as 
the transformation of wetlands, peat bogs, and forests 
(57). Agricultural land is being lost to urbanization 
and infrastructure development, as well as to wind 
and water erosion, salinization of irrigated soils, and 
the conversion of pastures into semi-deserts and des-
erts. Agricultural practices – particularly disruptions 
in macronutrient cycling – can lead to excessive land 
exploitation and soil degradation (erosion, nutrient 
depletion, and desertification), ultimately reducing 
productivity. Lower agricultural yields create a demand 
for more land, which ultimately harms natural habitats 
and adds to climate change.

Fertilizer application is a  significant concern re-
garding soil health. The elevated nutrient demands of 
modern cultivars point to the need for rational nutrient 
management. In high-intensity farming practices, the 
use of mineral fertilizers is a critical agricultural tech-
nique that affects production results (including yield 
and the nutritional quality of the primary crop) and 
farm financials (11). Fertilizer application rates need 
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to correspond to the needs of the crops and the specific 
conditions of the field. In Polish family farms, nitro-
gen application exceeds that of other macronutrients 
(phosphorus and potassium). An imbalanced nutrient 
supply reduces nitrogen use efficiency and increases 
environmental risks associated with the dispersal of 
reactive nitrogen forms. Organic fertilizers contain 
most of the nutrients essential for proper plant growth 
and development. The volume of organic fertilizer 
types (manure, slurry, and liquid manure) are primarily 
driven by herd structure, stocking density, and hous-
ing system. The substantial use of mineral fertilizers 
in crop production results, among other factors, from 
decreases in the number of farms and livestock, which 
increases demand for industrial agricultural inputs (34).

Nitrogen regulates proper plant development by 
influencing the growth of both below-ground and 
above-ground organs. By affecting the duration of 
the growing season, it impacts the utilization of other 
nutrients (such as potassium and phosphorus) and 
thus alters the technological properties and nutritional 
quality of the harvest (leading to higher protein, chlo-
rophyll, vitamins, and digestibility). A lack of nitrogen 
hampers growth, resulting in poor tillering, thinner and 
shorter stems, and a lower leaf-to-stem ratio. Excess 
readily available nitrogen during the growing season 
leads to uneven, stunted development, increased frost 
susceptibility, and higher disease and pest pressure. 
In plant cells, it also increases the proportion of non-
protein nitrogen (like nitrates), resulting in a decrease 
in the nutritional quality of the harvested yields (28).

Nitrogen is virtually absent from soil minerals. In the 
upper soil layers, nitrogen primarily exists in organic 
forms (accounting for over 90% of total nitrogen) and 
in mineral forms (approximately 6%). Organic nitrogen 
is not directly available to plants; it is a mixture of 
chemical substances constituting soil microbial bio-
mass, plant residues, organic fertilizers added to soil, 

and humic materials. The water-soluble mineral forms 
are primarily ammonium (NH4

+) and nitrate (NO3
–). 

Inorganic nitrogen is produced through the breakdown 
of organic nitrogen (R-NH3) or is introduced through 
synthetic fertilizers (45, 67). In soil, transformations 
continuously convert nitrogen into mineral forms 
available to plants and, conversely, convert mineral 
nitrogen into gaseous forms (N2, N2O, NH3) that are 
released into the atmosphere. Most changes in soil 
nitrogen are facilitated by microorganisms such as 
bacteria, archaea, and fungi, which are essential to the 
nitrogen cycle. The pool of plant-available mineral 
nitrogen in soil reflects primarily the balance between 
mineralization and immobilization processes (Tab. 2). 
Under natural conditions, biological nitrogen fixation 
(BNF, also known as diazotrophy) is one of the most 
effective ways to introduce plant-available nitrogen 
into soils. It is estimated that globally, microorganisms 
fix about 100 to 265 million tons of atmospheric N2 
each year, with roughly 150 million tons coming from 
soil-dwelling microorganisms (83, 84).

Livestock production  
– impacts on the nitrogen cycle

The continuing growth of the global population 
is accompanied by efforts to ensure food security. 
In livestock production systems, strategies focus on 
scaling up, intensification, specialization, and regional 
concentration (47). Animal husbandry is crucial for 
maintaining a  stable food supply and constitutes an 
important social and economic component of the 
global economy (23, 52, 63). It is anticipated that 
productivity in developed nations will keep increas-
ing in the future. In contrast, in developing regions, 
the number of animals, including both large and small 
ruminants, is expected to increase significantly (37, 
76). Despite undeniable benefits, livestock production 
also presents environmental challenges. The livestock 

Tab. 2. Main pathways of nitrogen transformations in the nitrogen cycle
Process Explanation

Ammonification** Conversion of nitrogen into organic compounds into ammonia (in water, present as ammonium ion).  
In the case of proteins, the process begins with proteolysis (hydrolytic breakdown of proteins into amino 
acids), followed by ammonification (decomposition of amino acids into ammonia)
Pathway: Protein → Amino acids → NH3 (NH4

+)*

Nitrification** Oxidation of ammonium ions into nitrites, and subsequently into nitrates
Pathway: NH4

+ → NO2
– → NO3

– *

Denitrification Strict (anaerobic conditions): multi-step reduction of nitrates to molecular nitrogen
Pathway: NO3

– → NO2
– → NO → N2O → N2

Partial (facultative anaerobic conditions): reduction of nitrates to nitrites or ammonia
Pathway: NO3

– → NO2
– or NH3

Biological nitrogen fixation (BNF, diazotrophy)*** Reduction of atmospheric molecular nitrogen into ammonia
Equation: N2 + 8H+ + 8e– + 16ATP → 2NH3* + H2 + 16ADP + 16Pi

Immobilization/Assimilation of nitrogen Conversion of inorganic nitrogen forms into organic compounds via microbial or plant assimilation
Pathway: NH3 (NH4

+), NO3
– → R-NH3

Explanations: * – Assimilable nitrogen forms for plants; ** – Mineralization of organic nitrogen compounds – biochemical transfor-
mation of complex organic matter into simple mineral forms available to plants; *** – Mineralization of organic nitrogen compounds 
– biochemical transformation of complex organic matter into simple mineral forms available to plants
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industry accounts for around 14.5% of human-induced 
greenhouse gas emissions worldwide, contributing to 
climate change through methane (CH4) released from 
digestive processes, nitrous oxide (N2O) from manag-
ing manure, and carbon dioxide (CO2) resulting from 
changes in land use and the production of animal feed. 
The growing global demand for foods from animals 
necessitates the creation of sustainable approaches that 
can reduce greenhouse gas emissions while maintain-
ing food production levels (21, 39, 41, 51).

In livestock feeding, diets often contain more protein 
than required for animals’ metabolic needs. Reasons 
include errors in ration formulation (estimating animal 
requirements, protein content of feedstuffs), strategies 
to minimize the risk of reduced productivity in case of 
protein deficiency. Such rations result in the excretion 
of undigested protein or nitrogen from unused amino 
groups (in the form of urea and uric acid) in manure. 
The biogenic nitrogen content of manure depends on 
the species, production group, feeding strategies, feed-
ing methods, and type and amount of bedding. Organic 
fertilizers can effectively supply plant nutrients (e.g., 
in slurry, 40-70% of nitrogen is in ammonium form, 
~6% in nitrate form). However, if stored poorly, ap-
plied excessively for soil capacity, or administered 
in amounts greater than what crops need, they can 
significantly contribute to greenhouse gas emissions 
in agriculture (50, 73, 76).

The rise in population and greater wealth have driven 
urban expansion, infrastructure growth, and heightened 
demand for energy and food. The livestock sector uses 
~70% of global agricultural land (40). Rising demand 
for animal-source foods heightens the risk of convert-
ing natural habitats (forests, wetlands, peatlands, and 
natural grasslands) into farmland. Land-use change 
contributes to biodiversity loss and increases GHG 
emissions (10, 20). Therefore, integrated actions are 
needed to improve land-use efficiency in livestock 
production, and animal productivity (87). Promoted 
solutions include increasing crop yields, improving 
feeding efficiency in animal production, and rational 
use of nutrients across the entire food chain (farm-
to-fork strategy). Moreover, the use of by-products 
from agri-food processing and feed materials from 
lands with low opportunity costs for crop production 
is recommended (9, 19, 20).

Human dietary choices  
– impacts on the nitrogen cycle

Intensively managed agroecosystems, including 
concentrated livestock production, are major drivers 
of changes in the nitrogen cycle. Growing nutritional 
needs and dietary preferences not only increase health 
risks but also contribute to climate change and acceler-
ated biodiversity loss (55). Approximately 70% of an-
thropogenic nitrogen is introduced into agroecosystems 
to increase food production. According to Smil (71), 

around 40% of humanity depends on mineral fertilizers 
(via the Haber-Bosch process) for food availability. 
Animal agricultural systems produce protein-rich 
foods such as milk, eggs, and meat, primarily relying 
on protein sourced from crop agricultural systems. 
However, most nitrogen entering animal systems via 
feed is lost to the environment. The efficiency of con-
verting protein into edible animal protein is low and 
species-dependent, averaging about 15% (80). The 
remaining nitrogen is lost mainly through manure and 
food waste. Losses and waste in the agri-food chain are 
estimated at 30-40%, due to multiple factors, including 
food quality issues (35, 70). Nitrogen in animal manure 
can be recycled into crop production as organic fertil-
izer. However, substantial amounts of reactive nitrogen 
forms are lost via conversion to gaseous forms (NH3, 
N2O, NO, N2) released to the atmosphere and leaching 
into surface water and groundwater as nitrates (NO3

–). 
Mitigation strategies aimed at decreasing nutrient run-
off from manure not only safeguard the ecosystem but 
also enhance the financial returns of livestock farming 
(15). Adopting a sustainable diet, with at least a 50% 
reduction in animal-based foods and a greater reliance 
on plant-based foods, is an essential element of envi-
ronmental protection (36).

The unprecedented rise in global demand for di-
etary protein has intensified the search for alternative 
protein sources for both human and animal nutrition 
(6, 55, 77). In addition to having physical and eco-
nomic availability of food, the quality of that food 
is a crucial element (46). The assessment of protein 
quality considers not just its nutritional benefits but 
also its flavour, the lack of harmful compounds, and 
its functional characteristics (29, 69, 86). Protein qual-
ity can be explained as its ability to promote growth, 
health, and overall wellness. Criteria most frequently 
used in evaluation include total protein content, amino 
acid profile, digestibility (accounting for amino acid 
absorption up to the ileum). Deficiencies in protein or 
essential amino acids (EAA) limit the nutritional and 
functional value of proteins (5, 43, 75).

In animal nutrition, the crude protein concept (used 
in feed formulation and legal regulation) requires 
a  reliable method for estimating “protein content.” 
This concept is ambiguous, as the term “protein” en-
compasses a range of substances seen collectively, yet 
differing in their chemical and analysis characteristics. 
Specifically, “protein” can denote certain, biochemi-
cally refined substances or highlight the primary pur-
pose of “protein” in nutrition, where amino acids are 
the most crucial component.

There are various techniques for analyzing protein in 
feed items, classified into quantitative and qualitative 
methods. Determining protein content, depending on 
the analytical methods used (direct, indirect) and the 
parameters being assessed, can be challenging due to 
the heterogeneity of feed materials, especially those 
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of plant origin, in terms of composition, structure, 
and matrix. Therefore, the method selected should 
depend on the purpose of the analysis and the sample 
type (42, 75).

Indirect techniques, including the Dumas and 
Kjeldahl methods, are employed to measure the total 
nitrogen present in a sample. The protein content is 
then derived using a  conversion factor that relates 
nitrogen to protein. A common factor of 6.25, created 
in the 19th century, presumes an average nitrogen level 
of 16% in proteins. Nevertheless, relying on this gen-
eral factor could result in errors of 15 to 20% when 
estimating the precise protein content. More accurate 
conversion factors that take into account variations in 
amino acid profiles and nitrogen content are suggested. 
Indirect methods also fail to distinguish between pro-
tein nitrogen and non-protein nitrogen (NPN), such as 
nucleic acids, amines, urea, ammonia, nitrates, nitrites, 
phospholipids, and nitrogenous glycosides (43). The 
share of non-protein nitrogen may vary significantly 
depending on species, growth conditions, fertilization, 
and processing. This carries both nutritional and finan-
cial consequences, especially concerning plant-based 
protein sources.

Contemporary feed evaluation systems increasingly 
emphasize precise requirements for essential amino 
acids (EAA), and non-specific requirements for endog-
enous amino acids. Therefore, a more precise evalu-
ation of protein’s nutritional worth can be achieved 
by analyzing nitrogen and amino acid concentrations 
(4,  30). Inadequate EAA supply increases protein 
turnover, which, in the long term, reduces animal per-
formance, impairs physiological functions (including 
immunity, hormonal, and enzymatic activity), and in-
creases nitrogen emissions through manure. A critical 
stage of feed formulation is selecting ingredients in 
amounts and proportions that meet the complete EAA 
requirements). Determining the essential amino acid 
content or the amino acid composition of animal feed 
is crucial for assessing protein quality and for grasping 
the impact of storage and processing (14, 53). Amino 
acid profiling is a direct method, and unlike others, it 
is not affected by interfering substances or extraction 
techniques. This makes it especially important for low-
protein diets in high-yield livestock (42, 59).

Food matrices consist of a  diverse assortment of 
nutrients that exhibit variations in macro-, meso-, 
and microstructure, which influence their biological, 
mechanical, and stability characteristics (8). For food 
system applications, it is necessary to understand pro-
teins’ functional properties, such as viscosity, gelling, 
fat-binding, water-holding, emulsification, solubility. 
Functional properties are affected by both internal ele-
ments (such as protein arrangement, amino acid order, 
distribution of charges, as well as their hydrophobic 
and hydrophilic nature), and external elements (like 
pH, moisture levels, temperatures, enzymes, chemical 
additives, and mechanical processing). Alterations in 

physicochemical attributes affect how proteins function 
during storage, processing, preparation, and consump-
tion. A deep understanding of these processes and the 
development of effective modification methods are 
crucial for expanding the use of plant-based proteins 
in both human and animal nutrition, as well as in the 
food industry (48, 78).

Discussions on the potential consequences of climate 
change suggest that agriculture is facing increasing 
climate-related risks. On the one hand, the agricultural 
sector significantly contributes to adverse environmen-
tal and climatic impacts; on the other hand, it holds the 
potential and tools to mitigate their extent and intensity.

Among the numerous processes that shape the cir-
culation of biogenic elements, the nitrogen cycle holds 
a unique position. Nitrogen determines the quantity 
and quality of food and feed produced for humans 
and animals. Nevertheless, most nitrogen present in 
the environment exists in forms that are not readily 
accessible for plants and animals. Since the mid-20th 
century, agriculture has relied heavily on chemical 
fertilizers. Excessive and unbalanced use, especially of 
synthetic fertilizers, negatively affect soil biodiversity 
and microbial activity. However, soil microorganisms 
play a fundamental role in maintaining trophic balance 
in the biosphere, particularly through processes such 
as diazotrophy. Livestock production remains, and 
will continue to be, an important sector of agricul-
ture. Population growth, globalization of the market 
economy and rising consumerism increase demand 
for food. In debates on food security, much attention 
is devoted to meeting the demand for dietary protein. 
In the context of healthy human nutrition, factors 
beyond just protein content, including the amino acid 
profile, bioavailability, potential allergenicity, and 
physicochemical properties, are significant as they 
affect their functional applications in the food sector. 
Animal-derived proteins are highly nutritious, which 
simplifies the process of creating diets. In addition to 
providing high-quality nutrients, livestock farming 
also supplies multi-component organic fertilizers, 
which stimulate plant growth, improve soil quality, 
and enhance biodiversity. However, the ongoing trend 
of concentrating and intensifying livestock production 
poses an increased risk to the environment. Rational 
animal feeding, proper storage, processing and applica-
tion of manure, and human diets with a higher share 
of plant-based foods are the priority actions currently 
underway.

From an implementation standpoint, the proposed 
measures differ significantly in both their potential for 
reduction and the challenges to their broad adoption. 
In a practical hierarchy, interventions that directly im-
prove nitrogen use efficiency on farms – such as more 
precise fertilisation, reducing the total protein content 
in feed rations while balancing exogenous amino acids, 
and enhancing the storage, processing, and application 
of natural fertilisers – should be prioritised, as they 
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can relatively quickly decrease nitrogen surpluses and 
NH3 and N2O emissions, often also providing benefits 
in production through better feed and fertiliser use 
(26, 38, 60, 73, 88). The second category involves 
more structural changes, like increased integration of 
crop and livestock production or investments in low-
emission animal husbandry systems and infrastructure 
for natural fertiliser management. While these may of-
fer greater long-term gains, they require higher capital 
investment, access to expert advice, and organisational 
adjustments – factors that can be especially challeng-
ing for small and medium-sized farms (24, 37, 82, 90). 
Therefore, the actual extent of reduction depends not 
only on technical feasibility but also on the effective 
design of agricultural policy tools, including CAP eco-
schemes, agri-environmental-climate measures, invest-
ment support, and knowledge transfer programmes. At 
the food system level, dietary shifts – reducing animal 
product consumption and increasing the share of al-
ternative protein sources – can significantly lessen ni-
trogen pressures. However, social acceptance depends 
on price, taste, convenience, cultural norms, perceived 
nutritional value, and the availability of acceptable al-
ternatives; hence, sustainable change requires consum-
er education, product innovation, and public policies 
that make such choices more accessible and socially 
acceptable, rather than relying solely on individual 
responsibility (3, 6, 20, 36, 38). Collaboration across 
various disciplines among researchers, veterinarians, 
animal scientists, farmers, and community involve-
ment – such as public demand for sustainable farming 
practices – is vital for realising sustainable agriculture 
and achieving climate neutrality.

References
  1.	Abascal E., Gómez-Coma L., Ortiz I., Ortiz A.: Global diagnosis of nitrate pol-

lution in groundwater and review of removal technologies. Sci. Total Environ. 
2022, 810, 152233.

  2.	Bińczyk E.: Troska o postprzyrodę w epoce antropocenu. Etyka 2018, 57, 
137-155.

  3.	Boer J. de, Aiking H.: Considering how farm animal welfare concerns may 
contribute to more sustainable diets. Appetite 2022, 168, 105786.

  4.	Bojarska J., Kaczmarek K., Zabrocki J., Wolf W. M.: Amino acids: molecules 
of life. Int. J. Nutr. Sci. 2019, 4, 1035-1037.

  5.	Chardigny J. M., Walrand S.: Plant protein for food: opportunities and bottle-
necks. OCL 2016, 23, 4, 6-p.

  6.	Choręziak A., Rosiejka D., Michałowska J., Bogdański P.: Nutritional quality, 
safety and environmental benefits of alternative protein sources – An overview. 
Nutrients 2025, 17, 7, 1148.

  7.	Cockburn A., Brambilla G., Fernández M. L., Arcella D., Bordajandi L. R., 
Cottrill B., van Peteghem C., Dorne J. L.: Nitrite in feed: from animal health 
to human health. Toxicol. Appl. Pharmacol. 2013, 270, 3, 209-217.

  8.	Day L., Cakebread J. A., Loveday S. M.: Food proteins from animals and 
plants: Differences in the nutritional and functional properties. Trends Food 
Sci. Technol. 2022, 119, 428-442.

  9.	Eisler M. C., Lee M. R., Tarlton J. F., Martin G. B., Beddington J., Dungait 
J. A., Greathead H., Liu J., Mathew S., Miller H., Misselbrook T., Murray P., 
Vinod V. K., Van Saun R., Winter M.: Agriculture: steps to sustainable livestock. 
Nature 2014, 507, 7490, 32-34.

10.	Foley J. A., Ramankutty N., Brauman K. A., Cassidy E. S., Gerber J. S., 
Johnston M., Mueller N. D., O’Connell C. O., Ray D. K., West P. C., Balzer C., 
Bennett E. M., Carpenter S. R., Hill J., Monfreda C., Polasky S., Rockström J., 
Sheehan J., Siebert S., Tilman D., Zaks D. P. M.: Solutions for a cultivated 
planet. Nature 2011, 478, 7369, 337-342.

11.	Fotyma M.: Chemia zażegnała widmo głodu na świecie. Żywność–Nawozy. 
Chemik 2010, 64, 7-8, 499-510.

12.	Fowler D., Coyle M., Skiba U., Sutton M. A., Cape J. N., Reis S., Voss M.: The 
global nitrogen cycle in the twenty-first century. Phil. Trans. R Soc. B. 2013, 
368, 20130164.

13.	Frąc M., Matyka M., Rozbicki J., Tryjanowski P.: Rolnictwo regeneracyjne 
– koncepcja zrównoważonej produkcji żywności oraz poprawy agroekosys-
temów. Nauka 2022, 4, 155-164.

14.	Friedman M.: Dietary impact of food processing. Annu. Rev. Nutr. 1992, 12, 
1, 119-137.

15.	Gaj R., Budka A., Antonkiewicz J., Bąk K., Izychard P.: Effect of long-term 
slurry application on contents of available forms of soil macronutrients. Soil 
Sci. Annu. 2018, 69, 3.

16.	Galloway J. N.: The global nitrogen cycle: changes and consequences. Environ. 
Pollut. 1998, 102, 1, 15-24.

17.	Galloway J. N., Aber J. D., Erisman J. W., Seitzinger S. P., Howarth R. W., 
Cowling E. B., Cosby B. J.: The nitrogen cascade. Bioscience 2003, 53, 4, 
341-356.

18.	Galloway J. N., Cowling E. B.: Reactive nitrogen and the world: 200 years of 
change. AMBIO 2002, 31, 2, 64-71.

19.	Garnett T.: Livestock-related greenhouse gas emissions: impacts and options 
for policy makers. Environ. Sci. Policy 2009, 12, 4, 491-503.

20.	Godfray H. C. J., Aveyard P., Garnett T., Hall J. W., Key T. J., Lorimer J., 
Pierrehumbert R. T., Scarborough P., Springmann M., Jebb S. A.: Meat con-
sumption, health, and the environment. Science 2018, 361, 6399, eaam5324.

21.	Góral J., Rembisz W.: Produkcja w  rolnictwie w  kontekście ochrony 
środowiska. Roczniki Naukowe Ekonomii Rolnictwa i Rozwoju Obszarów 
Wiejskich 2017, 104, 1.

22.	Gutiérrez M., Biagioni R. N., Alarcón-Herrera M. T., Rivas-Lucero B. A.: 
An overview of nitrate sources and operating processes in arid and semiarid 
aquifer systems. Sci. Total Environ. 2018, 624, 1513-1522.

23.	Ilea R. C.: Intensive livestock farming: Global trends, increased environmental 
concerns, and ethical solutions. J. Agric. Environ. Ethics 2009, 22, 2, 153-167.

24.	Jurga B., Winiarski R.: Innowacje w zagospodarowaniu i stosowaniu nawozów 
naturalnych. Studia i Raporty IUNG-PIB 2016, 48, 2.

25.	KOBiZE, Poland’s National Inventory Report 2025. Greenhouse Gas 
Emissions Inventory for 1988-2023. Ministry of Climate and Environment, IOŚ 
PIB, (https://www.kobize.pl/pl/fileCategory/id/16/krajowa-inwentaryzacja-
emisji).

26.	Kodeks doradczy dobrej praktyki rolniczej dotyczący ograniczania emisji 
amoniaku. MRiRW 2020.

27.	Kołoszycz E.: The impact of climate change on farm production. Prace 
Naukowe Uniwersytetu Ekonomicznego we Wrocławiu 2020, 64, 6, 115-126.

28.	Kumar M., Tomar M., Potkule J., Verma R., Punia S., Mahapatra A., Belwal T., 
Dahuja A., Joshi S., Berwal M. K., Satankar V., Bhoite A. G., Amarowicz R., 
Kaur C., Kennedy J. F.: Advances in the plant protein extraction: Mechanism 
and recommendations. Food Hydrocoll. 2021, 115, 106595.

29.	Kumar M., Tomar M., Punia S., Dhakane-Lad J., Dhumal S., Changan S., 
Kennedy J. F.: Plant-based proteins and their multifaceted industrial applica-
tions. Lwt 2022, 154, 112620.

30.	Kumar P., Mehta N., Abubakar A. A., Verma A. K., Kaka U., Sharma N., Sazili 
A. Q., Pateiro M., Kumar M., Lorenzo J. M.: Potential alternatives of animal 
proteins for sustainability in the food sector. Food Rev. Int. 2023, 39, 8,  
5703-5728.

31.	Kundzewicz Z. W.: Zmiany klimatu, ich przyczyny i skutki: obserwacje i pro-
jekcje. Landf. Anal. 2011, 15, 39-49.

32.	Kundzewicz Z. W., Kędziora A.: Zmiany klimatu i ich wpływ na środowisko 
i gospodarkę (obserwacje i projekcje). Studia i Raporty IUNG-PIB 2010, 19, 
115-132.

33.	Kundzewicz Z. W., Kozyra J.: Ograniczanie wpływu zagrożeń klimatycznych 
w odniesieniu do rolnictwa i obszarów wiejskich. Polish J. Agron. 2011, 7, 
68-81.

34.	Kuś J.: Specjalizacja gospodarstw rolnych i jej konsekwencje produkcyjne, 
ekonomiczne i siedliskowe. Studia i Raporty IUNG PIB 2013, 32, 6, 167-185.

35.	Kwasek M., Kowalczyk S.: Straty i  marnotrawstwo żywności w  aspekcie 
bezpieczeństwa żywnościowego. Kwart. Nauk Przeds. 2023, 68, 2, 23-42.

36.	Kwasek M., Obiedzińska A.: Z  badań nad rolnictwem społecznie zrówno-
ważonym (26). Zrównoważone systemy rolnicze i  zrównoważona dieta. 
Instytut Ekonomiki Rolnictwa i  Gospodarki Żywnościowej – Państwowy 
Instytut Badawczy, 2014.

37.	Lal R.: Integrating animal husbandry with crops and trees. Front. Sustain. 
Food Syst. 2020, 4, 113.

38.	Leip A., Caldeira C., Corrado S., Hutchings N. J., Lesschen J. P., Schaap M., 
de Vries W., Westhoek H., van Grinsven H. J.: Halving nitrogen waste in the 



Med. Weter. 9

European Union food systems requires both dietary shifts and farm level  
actions. Glob. Food Secur. 2022, 35, 100648.

39.	Leroy F., Abraini F., Beal T., Dominguez-Salas P., Gregorini P., Manzano P., 
Rowntree J., Van Vliet S.: Animal board invited review: Animal source foods in 
healthy, sustainable, and ethical diets – An argument against drastic limitation 
of livestock in the food system. Animal 2022, 16, 3, 100457.

40.	Liu K., Cheng P., Zhang A., Qin S., Zhang X.: Beyond environmental sus-
tainability: Low-carbon land use policies can contribute to the realization of 
comprehensive sustainable development. Sustain. Dev. 2025, 33, 1, 1315-1332.

41.	Machovina B., Feeley K. J., Ripple W. J.: Biodiversity conservation: The key 
is reducing meat consumption. Sci. Total Environ. 2015, 536, 419-431.

42.	Mæhre H. K., Dalheim L., Edvinsen G. K., Elvevoll E. O., Jensen I. J.: Protein 
determination – method matters. Foods 2018, 7, 1, 5.

43.	Mariotti F., Tomé D., Mirand P. P.: Converting nitrogen into protein – beyond 
6.25 and Jones’ factors. Crit. Rev. Food Sci. Nutr. 2008, 48, 2, 177-184.

44.	Matassa S., Boeckx P., Boere J., Erisman J. W., Guo M., Manzo R., 
Meerburg  F., Papirio S., Pikaar I., Rabaey K., Rousseau D., Schnoor J., 
Smith P., Smolders E., Wuertz S., Verstraete W.: How can we possibly resolve 
the planet’s nitrogen dilemma?. Microb. Biotechnol. 2023, 16, 1, 15-27.

45.	Merta-Staszczak A., Zwyrzykowska A., Kupczyński R.: Agrochemikalia w pol-
skim rolnictwie w latach 1945-2010. Przem. Chem. 2017, 96, 2, 266-270.

46.	Millward D. J., Layman D. K., Tomé D., Schaafsma G.: Protein quality assess-
ment: impact of expanding understanding of protein and amino acid needs for 
optimal health. Am. J. Clin. Nutr. 2008, 87, 5, 1576S-1581S.

47.	Mottet A., De Haan C., Falcucci A., Tempio G., Opio C., Gerber P.: Livestock: 
On our plates or eating at our table? A new analysis of the feed/food debate. 
Glob. Food Secur. 2017, 14, 1-8.

48.	Nasrabadi M. N., Doost A. S., Mezzenga R.: Modification approaches of plant-
based proteins to improve their techno-functionality and use in food products. 
Food Hydrocoll. 2021, 118, 106789.

49.	Niżyńska A.: Denitryfikacja azotanów w  wodach podziemnych. Rozprawa 
doktorska, Instytut Inżynierii Ochrony Środowiska Politechniki Wrocławskiej, 
Wrocław 2005.

50.	Noordwijk M. van.: Nutrient cycling in ecosystems versus nutrient budgets of 
agricultural systems. Nutrient Cycles and Nutrient Budgets in Global Agro-
ecosystems. CAB International, Wallingford 1999, 1-26.

51.	Nordhagen S.: Animal-source foods for nutrition, environment and society: 
finding a balance. Proc. Nutr. Soc. 2025, 1-11.

52.	Oenema O.: Nitrogen budgets and losses in livestock systems. Int. Congr. Ser. 
2006, 1293, 262-271.

53.	Otter D. E.: Standardised methods for amino acid analysis of food. Br. J. Nutr. 
2012, 108, S2, S230-S237.

54.	Pietrzak S.: Kształtowanie obiegu azotu w makro-i mikrosystemach rolniczych. 
Woda, Śr., Obsz. Wiej. 2009, 9,3, 143-158.

55.	Pinotti L., Cheli F., Govoni C., Rulli M. C., Premarajan P., Cattaneo D. M. I. R.: 
The ‘One Nutrition’ approach: connecting crop production, animal nutrition 
and human nutrition. Ital. J. Anim. Sci. 2025, 24, 1, 978-987.

56.	Prandecki K.: Racjonalność planetarna jako narzędzie realizacji zrównowa-
żonego rozwoju. Ekonomia i Środowisko 2014, 2, 4, 29-43.

57.	Ritchie H., Rosado P., Roser M.: Environmental Impacts of Food Production. 
Our World in Data, 2022, https://ourworldindata.org/environmental-impacts- 
of-food.

58.	Ritchie H., Rosado P., Roser M.: Greenhouse gas emissions. Our World in 
Data, 2020, https://ourworldindata.org/greenhouse-gas-emissions’ [Online 
Resource].

59.	Rocha G. C., Duarte M. E., Kim S. W.: Advances, implications, and limitations 
of low-crude-protein diets in pig production. Animals 2022, 12, 24, 3478.

60.	Rogula-Kozłowska W., Rogula-Kopiec P., Majewski G.: Udokumentowane 
skutki oddziaływania aerozolu atmosferycznego na środowisko. Prz. Nauk. 
Inż. Kszt. Środ. 2014, 65, 290-303.

61.	Saini D. K., Garg S. K., Kumar M.: Major air pollutants and their effects on 
plant and human health: a review. Plant Arch. 2019, 09725210, 19, 2.

62.	Sala O. E., Stuart Chapin F. I. I. I., Armesto J. J., Berlow E., Bloomfield J., 
Dirzo R., Huber-Sanwald E., Huenneke L. F., Jackson R. B., Kinzig A., 
Leemans R., Lodge D. M., Mooney H. A.,Oesterheld M., Poff N. L., Sykes 
M. T., Walker B. H., Walker M., Wall D. H.: Global biodiversity scenarios for 
the year 2100. Science 2000, 287, 5459, 1770-1774.

63.	Salter A. M.: Improving the sustainability of global meat and milk production. 
Proc. Nutr. Soc. 2017, 76, 1, 22-27.

64.	Sapek A.: Emisja amoniaku z produkcji rolnej. Post. Nauk Roln. 1995, 42, 2, 
3-23.

65.	Sapek A.: Emisja tlenków azotu (NOx) z  gleb uprawnych i  ekosystemów 
naturalnych do atmosfery. Woda, Śr., Obsz. Wiej. 2008, 8, 1, 283-304.

66.	Sapek A.: Zagrożenie zanieczyszczenia wód azotem w wyniku działalności 
rolniczej. Zesz. Probl. Postęp. Nauk Rol. 1996, 440, 309-329.

67.	Sapek B.: Uwalnianie azotu i fosforu z materii organicznej gleby. Woda, Śr., 
Obsz. Wiej. 2010, 10, 3, 229-256.

68.	Singh A. A., Eram R., Agrawal M., Agrawal S. B.: Air pollution: sources and its 
effects on humans and plants. International Journal of Plant and Environment 
2022, 8, 01, 10-24.

69.	Singh B. P., Bangar S. P., Alblooshi M., Ajayi F. F., Mudgil P., Maqsood S.: 
Plant-derived proteins as a sustainable source of bioactive peptides: recent 
research updates on emerging production methods, bioactivities, and potential 
application. Crit. Rev. Food Sci. Nutr. 2023, 63, 28, 9539-9560.

70.	Smil V.: Improving efficiency and reducing waste in our food system. 
Environmental sciences 2004, 1, 1, 17-26.

71.	Smil V.: Nitrogen and food production: proteins for human diets. AMBIO 
2002, 31, 2, 126-131.

72.	Smith C., Hill A. K., Torrente-Murciano L.: Current and future role of Haber-
Bosch ammonia in a carbon-free energy landscape. Energy Environ. Sci. 2020, 
13, 2, 331-344.

73.	Smurzyńska A., Czekała W., Kupryaniuk K., Cieślik M., Kwiatkowska A.: Typy 
i właściwości gnojowicy oraz możliwości jej zagospodarowania. Probl. Inż. 
Rol. 2016, 24, 117-127.

74.	Stępniewska Z., Szafranek A.: Zawartość form azotu i pH w opadach atmos-
ferycznych. Acta Agrophys. 2001, 57, 127-134.

75.	Subroto E., Lembong E., Filianty F., Indiarto R., Primalia G., Putri M. S. K. Z., 
Junar S.: The analysis techniques of amino acid and protein in food and  
agricultural products. Int. J. Sci. Technol. Res. 2020, 9, 10, 29-36.

76.	Symeon G. K., Akamati K., Dotas V., Karatosidi D., Bizelis I., Laliotis G. P.: 
Manure management as a potential mitigation tool to eliminate greenhouse 
gas emissions in livestock systems. Sustainability 2025, 17, 2, 586.

77.	Tachie C., Nwachukwu I. D., Aryee A. N.: Trends and innovations in the 
formulation of plant-based foods. Food Prod. Process. Nutr. 2023, 5,1, 16.

78.	Tang J., Yao D., Xia S., Cheong L., Tu M.: Recent progress in plant-based 
proteins: From extraction and modification methods to applications in the 
food industry. Food Chem.: X. 2024, 23, 101540.

79.	Vries W. de.: Impacts of nitrogen emissions on ecosystems and human health: 
A mini review. Curr. Opin. Environ. Sci. Health 2021, 21, 100249.

80.	Vries M. de, de Boer I. J.: Comparing environmental impacts for livestock 
products: A review of life cycle assessments. Livest. Sci. 2010, 128, 1-3, 1-11.

81.	Witkowska-Dąbrowska M.: Zmiany w wielkości emisji gazów cieplarnianych 
i amoniaku do powietrza z działalności rolniczej w Polsce i UE – analizy 
z wykorzystaniem wskaźników zrównoważonego rozwoju. Zesz. Nauk. Szk. 
Gł. Gospod. Wiej. Warsz., Probl. Rol. Światowego 2018, 18, 2.

82.	Włodarczyk B.: Prawne instrumenty ochrony środowiska i przeciwdziałania 
zmianom klimatu we Wspólnej Polityce Rolnej na lata 2023-2027. Przegląd 
Prawa Rolnego 2022, 2, 31, 11-26.

83.	Woźniak M., Gałązka A.: Mikrobiom ryzosfery i  jego korzystny wpływ na 
rośliny – aktualna wiedza i perspektywy. Post. Mikrobiol. 2019, 58, 1, 59-69.

84.	Woźniak M., Siebielec S.: Agriculturally important groups of microorganisms 
– microbial enhancement of nutrient availability. Current Agronomy 2025, 54, 
2, 17-29.

85.	Wyer K. E., Kelleghan D. B., Blanes-Vidal V., Schauberger G., Curran T. P.: 
Ammonia emissions from agriculture and their contribution to fine particulate 
matter: A review of implications for human health. J. Environ. Manag. 2022, 
323, 116285.

86.	Xiao X., Zou P. R., Hu F., Zhu W., Wei Z. J.: Updates on plant-based protein 
products as an alternative to animal protein: Technology, properties, and their 
health benefits. Molecules 2023, 28, 10, 4016.

87.	Zanten H. H. van, Mollenhorst H., Klootwijk C. W., van Middelaar C. E., de 
Boer I. J.: Global food supply: land use efficiency of livestock systems. Int. 
J. Life Cycle Assess. 2016, 21, 5, 747-758.

88.	Zbiór Zaleceń Dobrej Praktyki Rolniczej mający na celu ochronę wód przed 
zanieczyszczeniem azotanami pochodzącymi ze źródeł rolniczych. MRiRW, 
Departament Hodowli i Ochrony Roślin, Wydział Nawożenia, Warszawa 2024 
(https://www.gov.pl/web/rolnictwo/zbior-zalecen-dobrej-praktyki-rolniczej-
do-dobrowolnego-stosowania).

89.	Zhang X., Ward B. B., Sigman D. M.: Global nitrogen cycle: critical enzymes, 
organisms, and processes for nitrogen budgets and dynamics. Chem. Rev. 
2020, 120, 12, 5308-5351.

90.	Żuchowska-Grzywacz M.: Rolnictwo zrównoważone wobec współczesnych 
wyzwań. Zeszyty Prawnicze BAS 2024, 1, 123-143.

Author’s address: dr n wet. Ewa Jakimiuk, Oczapowskiego 13, 10-718 
Olsztyn, Poland; e-mail: .................


