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Abstract.  Nitrous oxide (N2O) is a very potent greenhouse 
gas whose concentration in the atmosphere is steadily increasing. 
Almost 80% of the annual N2O emissions in Poland originate 
from agriculture, and its main source is the use of agricultural 
soils. This study attempts to estimate the N2O emissions from 
agricultural soils and presents statistical analyses and spatial dis-
tributions for all Polish communes. For this purpose, a solution 
has been proposed which could be successfully applied by local 
government in order to assess N2O emissions, as well as to moni-
tor the impact of actions undertaken to limit them. The annual 
N2O emissions from agricultural soils in Polish communes varies 
from 0.002 Mg N2O-N to 437.77 Mg N2O-N (with an average 
value of 21.13 Mg N2O-N and a standard deviation of 23.86 Mg 
N2O-N), and the cultivation of organic soils is its main source. 
The use of fertilizers and nitrogen fertilization with plant residues, 
as well as indirect emissions from nitrogen leaching, are also sig-
nificant. The results may be used to provide a database for local 
governments, which will serve, not only to identify local emission 
sources related to agricultural soils, but also to properly plan and 
prioritize measures for its reduction.
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INTRODUCTION

Nitrous oxide (N2O) is a greenhouse gas (GHG) with 
approximately 300 times the potential to produce a green-
house effect than carbon dioxide (CO2) it also has an 
extensive duration of persistence in the atmosphere, esti-
mated to be over 100 years (Bange, 2008; IPCC, 2013; 
Prather et al., 2015; Schlesinger and Bernhardt, 2013; 
Turbiak et al., 2011). Moreover, it is currently the num-
ber one ozone depleting gas emitted by human activities 
(Broucek, 2018; Portmann et al., 2012; Wilson et al., 2013). 
The concentration of this gas in the atmosphere has increased 

considerably over the past few decades (Finlayson-Pitts and 
Pitts, 2000; Stalenga and Kawalec, 2008; Włodarczyk et 
al., 2002). According to the National Centre for Emissions 
Management (KOBiZE, 2018), in 2016, the nitrous oxide 
emissions in Poland (excluding category 4 ‒ Land Use, 
Land Use Change and Forestry sector) were estimated 
at 65,540 Mg (4.9% of total GHG emissions), 77.6% of 
which came from agriculture. Poland holds fourth place 
(after France, Germany and the UK) in terms of N2O emis-
sions from the agricultural sector among the EU countries 
(Eurostat, 2017). Agricultural soils are mainly responsible 
for the share of N2O emissions from this sector being so 
significant ‒ they account for 67.2% of the national N2O 
emissions (KOBiZE, 2018). Nitrous oxide is produced in 
the soil mainly as a result of nitrification and denitrifica-
tion processes, as well as the process of nitrogen binding 
by bacteria. Many factors influence the quantity of N2O 
emitted from soils, e.g. climate, soil texture, temperature 
and soil moisture, secondary binding of nitrogen oxides in 
the soil, land use and cultivation, the type and amount of 
fertilizer doses, and biomass burnt on the ground (Bremner 
1997; Hénault et al., 2012; Khalil et al., 2004; Mercik et 
al., 1995; Sapek, 2008). 

Agricultural N2O emissions are currently being meas-
ured by direct emission measurement from a given source, 
and emission modelling from various sources on a global 
or regional scale (Bouwman, 1996; Butterbach-Bahl et al., 
2013; Jarosz et al., 2013; Nyćkowiak et al., 2012; Sapek, 
2008). Based on IPPC methodology (IPCC 2006), N2O 
emissions may be estimated using a Tier 1, Tier 2 or Tier 
3 approach. Tier 1 methods are designed to be the simplest 
to use. Country-specific activity data are needed, but for 
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Tier 1 there are often globally available sources of activ-
ity data estimates. Tier 2 may be applied using the same 
methodological approach as Tier 1 but the applied emis-
sion and stock change factors are based on country-specific 
or region-specific data, for the most important land-use or 
livestock categories. For Tier 3, higher order methods are 
used, including models and inventory measurement sys-
tems tailored to address national circumstances, repeated 
over time, and driven by high-resolution activity data 
which is disaggregated at the subnational level. These high-
er order methods provide estimates of greater certainty than 
the lower tiers. Although the IPPC recommends the appli-
cation of the highest level methods, which will precisely 
respond to local changes in use or behaviour, there are as 
yet no reports showing the research findings concerning 
N2O emissions from agriculture at local levels (Wiśniewski 
and Kistowski, 2017a, 2017b, 2017c). However, it is clear 
that agriculture has the potential to play a crucial role in 
decreasing N2O emissions, and that it could be one of the 
main sectors responsible for increasing the share of renew-
able energy sources in the production of energy (Czubaszek 
and Wysocka-Czubaszek, 2018). Therefore, it is important 
to quantify the local N2O emissions from agricultural land. 
Modelling nitrous oxide emissions from soil is very com-
plex (Nyćkowiak et al., 2013, 2014). Syp and Faber (2016) 
have emphasized the problems with the correct estimation 
of simulated N2O emissions from soils and the distinct 
differences that arise in its estimation depending on the 
methodology used.

This study attempts to estimate direct N2O emissions 
(from the use of mineral and organic fertilizers, cultivation 
of legumes, post-harvest plant residues, organic soils, and 
from animal excreta on pasture and grooming areas) and 
indirect N2O emissions (from the deposition of atmospheric 
nitrogen, and from nitrogen leaching) from agricultural soils 
for all Polish communes (according to Local Administrative 
Units ‒ LAU level 2). It follows a pilot study of 48 select-
ed communes, the results of which were presented in the 
author’s earlier work (Wiśniewski and Kistowski, 2017c). 
The assessment of N2O emissions at a local level for the 
whole of Poland has not yet been carried out. The results 
may provide a database for local governments, which 
will allow, not only for the identification of local emission 
sources related to the use of agricultural soils, but also to 
properly plan and prioritize measures for its reduction. 
To date, such studies have not been conducted in Poland on 
a large scale.

MATERIAL AND METHODS

Poland is characterized by a high proportion of agricul-
tural land in the total surface area (approx. 170 000 km2, 
54% of the country’s area). A high concentration of agri-
cultural land is observed in areas with fertile soils and in 
the less industrialized central and eastern parts of the coun-

try. Arable land makes up the largest share in the structure 
of agricultural land (more than 75%). The zonal soils of 
Poland cover approximately 74% of the total area, with the 
domination of Cambisols and Podzols. The mid-zonal soils, 
which include alluvial soils, half-bog soils and black earth, 
Calcaric Leptosols, Gleyic Phaeozems and Gleyic Podzols, 
cover about 25% of the territory of Poland. The out-of-zone 
soils are represented in Poland mainly by the Chernozems, 
having developed on loess. The typological diversification 
of soils also contributes to differences in nitrogen content 
(Letey and Vaughan, 2013; Ohshiro et al., 2016; Wang et al., 
2016). Fotyma et al. (2004) indicate that the average con-
tent of mineral nitrogen in Polish soils is 76-90 kg N ha-1 in 
the spring and 83-97 kg N ha-1 in the autumn, including the 
average content of nitrate nitrogen (N-NO3) which is, 50-60 
kg N ha-1 in the spring and 60-70 kg ha-1 in the autumn.

In order to calculate N2O emissions, a method was cho- 
sen, which can be successfully applied by local govern-
ment units. This method has been described earlier and 
implemented by Wiśniewski and Kistowski (2017c), who 
presented a pilot study to assess the N2O emissions from 
agricultural soils for 48 selected Polish communes. The 
suggested solution could be successfully applied by using 
almost exclusively the data available in public statistics. 
This means that the data could be accessed by local gov-
ernment units in order to self-assess the N2O emissions and 
to monitor the impact of the measures taken to reduce emis-
sions from agricultural soils. The proposed solution is in 
line with the methodology and standard indicators of the 
IPCC (2000, 2006). The methods and data presented focus 
on Tier 1 inventories, however, in order to obtain more 
accurate emissions data, the method takes into account 
the elements of national methodology and emission fac-
tors developed by KOBiZE for the purposes of preparing 
annual inventory reports.

Data concerning the annual usage of mineral fertiliz-
ers, livestock and organic soil were obtained from the Local 
Data Bank of the Central Statistical Office (LDB CSO). 
The annual harvest of the main crops was determined using 
data regarding the area planted in individual communes and 
the average yield of these plants in the voivodeship (NUTS 
level 2), based on the National Agricultural Census 2010. 
Compared to the pilot study (Wiśniewski and Kistowski, 
2017c), the indicators used in the estimation of N2O emis-
sions from the use of agricultural soils were reviewed 
and updated. Thus, the latest indicators were applied, as 
specified in Poland’s National Inventory Report (KOBiZE, 
2017) as well as default indicators recommended by the 
IPCC (2006). 

In order to estimate the emissions related to the use of 
mineral fertilizers, the default nitrous oxide emission factor 
was used at a level of 0.01 kg N2O-N kg N-1 (IPCC, 2006). 
This indicator was also used to estimate the mass of nitro-
gen entering the soil as a result of biological binding by 
Fabaceae plants, and plant residues. Direct emissions from 
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organic soils were estimated based on their surface area and 
a default emission coefficient for the cold climate, which 
amounts to 8 kg N2O-N year-1 (IPCC, 2000). The amount 
of emissions from animal excreta deposited on pasture 
and grooming areas was estimated, however, taking into 
account the share of particular livestock husbandry systems 
in Poland as well as the default indicators of the nitrogen 
content in livestock manure. 

Based on the results obtained, the spatial distribu-
tion of N2O emissions from agricultural soils (expressed 
as N2O-N) across the country was presented using GIS 
(MapInfo Pro software) tools. This has helped to identify 
and assess the spatial variability of the main anthropogenic 
sources of emissions associated with the use of agricultural 
soils, which, in the future, should facilitate the planning and 
prioritization of abatement measures. 

RESULTS AND DISCUSSION

The calculations show that the annual nitrous oxide 
emissions from agricultural soils in Polish communes 
(excluding the communes of Łęknica, Jastarnia and 
Dziwnów, for which there are no data in the public statis-
tics necessary to calculate it) range from 0.002 Mg N2O-N 
in the urban-rural commune of Międzyzdroje (in the West 
Pomeranian Voivodeship) to 437.77 Mg N2O-N in the rural 
commune of Mircze (in the Lublin Voivodeship), with an 
average value of 21.13 Mg N2O-N and a standard devia-
tion of 23.86 Mg N2O-N (Fig. 1, Table 1). 68% of nitrous 
oxide emissions from agricultural soils originates from 

rural communes, 29% from urban-rural communes and 
3% from urban communes. However, the highest average 
annual N2O emission from agriculture is observed in urban-
rural communes. This amounts to 25.38 Mg N2O-N and is 
almost 14% higher than the average emission in rural com-
munes and over five times higher than in urban communes 
(Table 1). 

However, it should be taken into account that estimates 
of agricultural emissions are highly uncertain. In a study of 
48 selected Polish communes (Wiśniewski and Kistowski, 
2018), the uncertainty of emission value for the agricultural 
sector was determined to be at a level ± 38%, and the highest 
value of uncertainty in the agricultural sector occurred for 
N2O as a result of the high level of uncertainty in the emis-
sion factors for direct soil emissions. Wójcik-Gront and 
Gront (2014) estimated the level of uncertainty concerning 
agricultural emissions in Poland in 2011 using an alterna-
tive Monte Carlo analysis and compared it to the simplified 
method based on error propagation, currently used in 
Poland in the reports submitted under the UN Framework 
Convention on Climate Change and its Kyoto Protocol. 
For nitrous oxide emissions, the simulation results against 
the error propagation method showed the clear differences 
between these methods with an asymmetric uncertainty 
range of -50.0% to +79.9%. As the emission factors for the 
Tier 1 method are not based on country-specific data, they 
may not accurately represent the agricultural characteris-
tics of a particular country, and may be highly uncertain 
as a result. As emphasized by Syp et al. (2016), comparing 

Fig. 1. Annual N2O emissions from agricultural soils in Polish communes (Mg N2O-N).
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four tools for the calculation of N2O emissions under the 
renewable energy directive, the IPCC Tier 1 method, cur-
rently used by many countries, ignores factors which are 
essential in defining current emissions. The measurements 
performed over the course of the studies by these authors 
confirmed that N2O emissions depend on local climatic 
conditions combined with the microbiological and physical 
properties of the soil. Therefore, the first step in collecting 
data by local governments should be to investigate exist-
ing national and local statistics, industry sources, research 
studies and FAO statistics. The uncertainty associated 
with emissions will vary widely depending on the source. 
Therefore, further research in this field is necessary. Syp 
and Faber (2017) emphasize that at the present time there 
is a need for more detailed methods to describe the spa-
tial and temporal patterns of ecosystem GHG exchange. 
In order for countries to calculate N2O emissions at the 
regional level, they propose using the Tier 2 − Lesschen 
emission factors (Lesschen-EF). The advantage of this 
approach is the simplicity of obtaining the necessary data. 
Additionally, the Tier 2 method offers mitigation measures 
comparable to the Tier 3 − denitrification-decomposition 
(DNDC) model, related to crop type, weather conditions, 
and management practices.

The highest N2O emissions related to agricultural land 
use are mainly characteristic of communes located in the 
northern and north-eastern part of the country (Fig. 1). 

This is in line with the territorial analysis (at the level of 
voivodeships) of agricultural GHG emissions in Poland, 
carried out by Wójcik-Gront (2015). The high N2O emis-
sions in this part of the country are related to, among other 
factors, the significant share of organic soils. These results 
confirm the assumptions of Turbiak et al. (2011), who indi-
cated that among the various soil types, organic soils may 
be one of the main sources of nitrous oxide emissions. They 
emphasized that following the use of organic soils for agri-
cultural purposes, which involves lowering groundwater 
levels, there is an intensive organic matter mineralization 
in these soils. According to Okruszko and Piaścik (1990), 
in the climatic conditions of Poland, about 10 Mg ha-1 of 
organic matter is subjected to annual mineralization, which 
results in the release of up to 400 kg ha-1 of mineral nitrogen 
into the environment. Włodarczyk et al. (2002) empha-
size that the organic soil showed about 4 times as much 
denitrification activity (as measured by N2O emission and 
NO3

- depletion) and on average 27 times as much dehydro-
genase activity as the mineral soil. In terms of the quantity 
of N2O emissions from land use, compared to the rest of 
the country, the communes in south-eastern Poland (in the 
vicinity of Hrubieszów in the Lublin Voivodeship) are par-
ticularly unusual (Fig. 1), the largest area of agriculturally 
used Chernozems in Poland, is located there. In addition, 
in this area, lands of the former State Agricultural Farm are 

Ta b l e  1. Statistical analyses of annual N2O emissions from agricultural soils according to emission sources and types of communes

Emission sources
Mg N2O-N

Min Max Avg σ Min Max Avg σ
Rural communes Urban-rural communes

Mineral fertilizers 0 37.17 3.85 3.40 0 43.47 5.12 4.62
Natural fertilizers 0 185.40 3.02 5.59 0 27.00 3.40 3.91
Edible pulses 0 1.53 0.01 2.07 0 0.73 0.01 0.05
Plant residues 0 404.14 3.43 18.78 0 193.86 3.15 12.42
Organic soils 0.19 192.24 9.13 9.24 0 249.31 10.45 13.02
Livestock excreta 0 3.19 0.36 0.40 0 2.32 0.37 0.39
Deposition of 
atmospheric N 0 50.71 1.24 1.67 0 7.88 1.48 1.37

Nitrogen leaching 0 57.61 1.88 2.13 0 12.09 2.30 2.00
Total 0.19 437.77 22.62 24.98 0 331.73 25.94 23.24

Municipalities All communes
Mineral fertilizers 0 7.97 0.64 0.96 0 43.47 3.75 3.77
Natural fertilizers 0 5.73 0.43 0.68 0 185.40 2.78 4.94
Edible pulses 0 0.17 0 0.01 0 1.53 0.01 0.06
Plant residues 0 44.76 0.71 2.98 0 404.14 2.93 16.23
Organic soils 0 29.75 2.84 3.37 0 249.31 8.60 10.06
Livestock excreta 0 0.31 0.03 0.04 0 3.19 0.32 0.39
Deposition of 
atmospheric N 0 2.00 0.19 0.26 0 50.71 1.17 1.54

Nitrogen leaching 0 3.08 0.29 0.40 0 57.61 1.78 2.05
Total 0.04 49.56 4.99 5.87 0 437.77 21.13 23.86
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located, on which the agricultural large-area management 
system is still maintained, which is conducive to GHG 
emissions from cultivation. 

The cultivation of organic soils accounts for 40.6% of 
the total N2O emissions associated with the use of agricul-
tural soils. In municipalities, this share is particularly high, 
at 56.9%, while in rural communes it is 40.3, and 39.5% 
in urban-rural communes (Fig. 2A). Moreover, the use of 
fertilizers – both mineral (mainly in northern and western 
Poland, 17.8% of total emissions for agricultural soils in 
the Polish communes) and natural (12.9%, mainly in the 
Greater Poland, Pomeranian, Kuyavian-Pomeranian and 

Warmian-Mazurian Voivodeships) – is an important source 
of direct nitrous oxide emissions from agricultural soils 
(Fig. 2B, C). In rural communes, this share is the high-
est and reaches 17.1% for mineral fertilizers and 13.0% 
for natural (organic) ones. In urban-rural communes it 
amounts to 19.9 and 13.2%, respectively, compared to 12.7 
and 8.6% of total N2O emissions from agricultural soils in 
the municipalities. Nitrogen fertilization with crop residues 
accounts for 13.2% of the total N2O emissions associated 
with the use of agricultural soils. The highest levels of N2O 
emissions related to plant residues are mainly characteristic 
for communes located in the south-eastern and central parts 

Fig. 2. Annual N2O emissions from organic soils (A), mineral fertilizers (B), natural fertilizers (C), and plant residues (D) in Polish 
communes (Mg N2O-N).
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of the country (Fig. 2D). Furthermore, minimal importance 
in direct N2O emissions has been attributed to the excretion 
of animal faeces deposited on pastures (1.5%). The high-
est N2O emissions from this source are characteristic of the 
communes in the central and north-eastern part of Poland, 
where intensive animal husbandry, including pigs and cat-
tle, is concentrated (Fig. 3A). 

Nitrogen leaching into groundwater and surface waters 
is the main source of indirect N2O emissions associated 
with the use of agricultural soils in the Polish communes 
(8.4%, mainly in the western, central and north-eastern 
Poland). Its share of the total N2O emissions from agricul-

tural soils ranges from 5.8% in the municipalities to 9.0% in 
urban-rural communes (Fig. 3B). The deposition of nitro-
gen released into the air from fields in the form of nitrogen 
oxide (NOx) and ammonia (NH3), after the application of 
natural (organic) and inorganic fertilizers, is significantly 
less important than indirect N2O emissions (Fig. 3C). It cor-
responds to 5.8% of total N2O emissions from agricultural 
soils in urban-rural communes, 5.4% in rural communes, 
and 3.7% in municipalities.

Due to the significant share of total GHG emissions pro-
duced by agricultural soils, they should be included in the 
development of a low-carbon economy at the local level in 

Fig. 3. Annual N2O emissions from livestock excreta (A), nitrogen leaching (B), deposition of atmospheric nitrogen (C), and edible 
pulses (D) in Polish communes (Mg N2O-N). 
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Poland. Identifying N2O emissions from agricultural soils 
would aid in the reduction of these emissions and mitigate 
their negative effects on the atmosphere, climate and other 
elements of the ecosystem. This is of particular impor-
tance in rural and urban-rural communes, but should also 
be considered in municipalities, where a significant share 
of the land is agricultural land or is home to a high degree 
of biological activity. When formulating an action plan, 
it is necessary to pay particular attention to exploring the 
potential of agricultural and rural areas (including agricul-
tural soils) in order to reduce GHG emissions. For example, 
Syp et al. (2015), when assessing the impact of manage-
ment practices on gas emissions and N losses calculated 
using the DNDC model, state that the N losses and GHG 
emissions could be minimized by controlling N application 
through the implementation of a nutrient management plan 
in which N doses are defined based on the crop needs and 
soil quality. However, as emphasized by Bennetzen et al. 
(2016), agricultural GHG emissions can only be reduced 
to a certain level and a simultaneous focus on other parts 
of the food-system is necessary in order to increase food 
security whilst reducing emissions.

CONCLUSIONS

1. The annual N2O emissions from agricultural soils in 
Polish communes range from 0.002 Mg N2O-N to 437.77 
Mg N2O-N, with an average value of 21.13 Mg N2O-N and 
a standard deviation of 23.86 Mg N2O-N. 

2. The highest N2O emissions related to agricultural 
land use are characteristic mainly for communes located 
in the northern and north-eastern part of the country, where 
the share of organic soils is dominant. The 40.6% of the 
total N2O emissions associated with the use of agricultural 
soils come from the cultivation of organic soils. The use of 
mineral fertilizers (17.8% of N2O emissions) and organic 
fertilizers (12.9%) is also significant. The use of high doses 
of nitrogen fertilizers is the main source of N2O emissions 
in the northern part of Poland. Whereas, in the northeast 
part there are farms specializing in milk production, and 
manure is the main source of N2O emissions. A significant 
share in the direct emission of nitrous oxide (mainly in the 
south-eastern part of the country) is also nitrogen fertili-
zation with post-harvest residues (13.2%). The leaching of 
nitrogen into groundwater and surface water (8.4%) is the 
main source of indirect emissions associated with the agri-
cultural use of soils.

3. The results confirm the need to include GHG emis-
sions from agricultural soils and other agricultural sources 
in low-carbon economy plans. This need particularly applies 
to rural and urban-rural communes, but it requires even 
more consideration in municipalities, where a significant 
share of the land is agricultural land or is home to a high 
degree of biological activity.

4. The results obtained for the whole country may be 
used to provide a database for local governments, which 
will allow, not only for the identification of local emission 
sources related to agricultural soils, but also for adequate 
planning in order to prioritize measures for its reduction.
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