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A b s t r a c t

Podlaskie as an agricultural region is expected to face environmental problems, mainly 
climate-related GHG emissions resulting from intensification of animal production. The aim  
of this study was to evaluate the methane and nitrous oxide emissions from agriculture in this 
region in years 1999–2015. The GHG emissions were calculated using methodology by the 
National Centre for Emissions Management (NCEM). The methane emissions attributed to 
agriculture in the Podlaskie increased from 59.2 Gg in 1999 to 84.0 Gg in 2015 which was in 
opposition to the trend for Poland. N2O emissions in 1999 amounted to 3.05 Gg and increased to 
4.14 Gg in 2015. 

This growing trend is primarily related to the increasing number of livestock, specifically 
ruminant animals and increasing N2O emissions from soils and manure management. In 
changing food market, farmers will probably be forced to find new niches, which will be profitable 
but less troublesome for the environment, including GHG emissions. 
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A b s t r a k t

Województwo podlaskie jest regionem rolniczym, a intensyfikacja produkcji mleczarskiej  
i mięsnej prowadzi do zwiększania obciążenia środowiska m.in. przez emisję gazów cieplarnia-
nych. Celem badań była ocena emisji metanu i podtlenku azotu z rolnictwa w województwie podla-
skim w latach 1999–2015. Emisję gazów cieplarnianych obliczono za pomocą metodyki wykorzy-
stywanej w krajowym raporcie gazów cieplarnianych. Emisja metanu z rolnictwa w województwie 
podlaskim wzrosła z 59,2 Gg w 1999 r. do 84,0 Gg w 2015 r., a emisja podtlenku azotu zwiększyła 
się z 3,05 Gg w 1999 do 4,14 Gg w 2015 r. 

Wzrost emisji gazów cieplarnianych związany jest ze zwiększeniem się liczby zwierząt go-
spodarskich oraz ze zwiększeniem się emisji podtlenku azotu z gleby i nawozów organicznych. 
Obecnie należy przeciwdziałać emisji gazów cieplarnianych z rolnictwa, stąd też rolnicy będą 
zmuszeni do poszukiwania nowych nisz na rynku zbytu, które nadal będą przynosić dochód,  
a jednocześnie będą umożliwiały zmniejszenie emisji gazów cieplarnianych.

Introduction

Modern agriculture on its way to meet the rising demand for food is 
challenging many environmental problems such as greenhouse gases 
(GHG) emissions, losses of biodiversity, pollution of soils and groundwa-
ter, acidification and eutrophication. Agriculture is a primary source  
of non-CO2 GHG emissions and releases more than 80% of global anthro-
pogenic nitrous oxide (Isermann 1994) and more than 40% of total anthro-
pogenic methane (Turner et al. 2015). Production of food consumed by an 
individual citizen in Europe leads to the flux of 2,965 kg of CO2-eq. with the 
predominant role of agriculture (EC-JRC 2015). The vast majority of N2O 
emissions originate from cultivated soils due to the application of organic 
and synthetic fertilizers. Methane is mainly emitted by livestock, specifi-
cally by ruminant animals and during manure management. Dairy and 
meat (beef, pork and poultry) farming is considered to be the primary sec-
tor responsible for GHG emissions (Notarnicola et al. 2017, EC-JRC 
2015) whereas crop production is liable for soil eutrophication, acidifica-
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tion and high rates of N2O discharges. According to ROER et al. (2013), the 
N2O from forage production and direct CH4 emissions from animals con-
tribute mostly to the environmental burdens in both milk and meat pro-
duction. The conventional pork production in EU-27 contributes signifi-
cantly to increased land occupancy, eutrophication and global warming 
(nguyen et al. 2012). The amount of energy necessary for poultry produc-
tion and related global warming effect are similar or only slightly lower 
than those linked to the production of pork (De Vries and De Boer 2010). 

In the European Union agriculture is responsible for ca. 10% of total 
GHG emissions (EUROSTAT 2016a). Globally increasing food demand 
may result in 77% rise of GHG flux as a consequence of growing livestock 
population, deforestation, fertilizers usage and mechanization (Bajzelj et 
al. 2014), which indicates a critical role of agriculture in the future climate 
policy. Poland with the fifth largest area of agricultural land in the EU-28 
is the third cereal producer, fourth pork and the biggest poultry meat pro-
ducer (EUROSTAT 2016b) responsible for 7% of GHG emissions from the 
EU agriculture (EUROSTAT 2016c). Although the GHG emissions from 
Polish agriculture decreased between years 1988 and 2014 (NCEM 2016), 
the trend in the GHG emissions in years 1999-2014 was rather stable and 
in some regions of the country the methane and nitrous oxide emissions 
has increased in this period (Wysocka-czubaszek et al. 2018). 

The Podlaskie Voivodeship is an agricultural region with high dairy 
and meat production, which is considered as a successful, attractive and 
promising, hence growing sector (noWak 2016). As a result of this ten-
dency, the voivodeship is expected to face severe environmental problems, 
mainly climate-related emissions of methane and nitrous oxide. 

The aim of the study was to evaluate the methane and nitrous oxide 
emissions from agriculture in the Podlaskie Voivodeship in years 1999–2015. 

Methods

Study area

The Podlaskie Voivodeship is located in the NE Poland, has the area of 
20,187 km2 and 1,187,587 inhabitants with a population density of 59 per- 
sons per 1 km2 (LDB 2017). The region is characterized by rather complex 
topography, changing from a hilly landscape in the north to the vast old-
-glacial plains cut with the paludified river valleys in the central and 
southern part of the territory. The climate is rather harsh, with short 
vegetation period lasting from 190 to 200 days, warm summers and cold 
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winters. The long-term mean annual sum of precipitation ranges from  
573 mm in the southern part of the region to 626 mm in the north. The 
average air temperature is 6.1°C in the north and 7.0°C in the south of the 
region (górniak 2000). More than 60% of the voivodeship is under agricul-
tural use, while almost 31% is covered by forest. Around 32% of the terri-
tory is under conservation management (SO 2015a). The number of farms 
exceeds 79,000 (SO 2015b). The main crops are cereals cultivated on the 
70.4% of the cropland. Among livestock, dairy cattle (46.8%), young cattle 
of 1–2 years old (22.4%) and calves less than one-year-old (23.8%) domi-
nate the cattle population in the region with non-breeding pigs as the main 
non-cattle livestock (SO 2016). 

Calculation of greenhouse gases (GHG) emissions

The GHG emissions for years 1999–2015 in the Podlaskie Voivodeship 
were calculated using the methodology by the National Centre for Emis-
sions Management (NCEM) for the national inventory for United Nations 
Framework Convention on Climate Change and Kyoto Protocol. According 
to the National Inventory Report 2016 (NCEM 2016), the main sources  
of GHG emissions in agriculture sector are: enteric fermentation from 
ruminant animals (CH4), manure management (CH4 and N2O), agricultu-
ral soils (CH4 and N2O) and burning of agricultural residues (CO2, CH4, 
N2O). In this paper only the first three sources were taken into considera-
tion, because the burning of agricultural residues is of a minor importance, 
being responsible only for 0.1% of N2O emissions and 0.2% of CH4 emis-
sions (NCEM 2016). Methane emissions from enteric fermentation  
of goats, horses, sheep and swine were calculated according to Tier 1 
method given by the Intergovernmental Panel on Climate Change (IPCC). 
The emission factors (EFs) were taken from IPCC Guidelines for National 
Greenhouse Gas Inventories (IPCC 2006). The CH4 emissions from enteric 
fermentation of cattle were calculated according to the Tier 2 method with 
emission factors estimated for Poland (NCEM 2016) calculated based on 
specific gross energy intake values. The cattle population data was collec-
ted in livestock categories and the specific EFs, calculated for each cattle 
category on a basis of specific gross energy intake values, were taken from 
the National Inventory Report (NCEM 2016). The specific gross energy 
intake for each cattle category was calculated using the values from natio-
nal statistics (e.g. pregnancy, milk production, percent of fat in the milk) 
and from IPCC Guidelines (IPCC 2006). Methane emissions from manure 
management of cattle and swine were estimated with Tier 2 method and 
from manure management of horses, goats, sheep, and poultry with Tier 1 
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method. The emission factors for horses, goats, sheep and poultry were 
taken from IPCC (2006), the EFs for cattle and swine were taken from the 
National Inventory Report (NCEM 2016). These EFs were calculated 
based on average daily volatile excreted solids, maximum CH4 production 
capacity for manure produced by animal and fraction of livestock category 
manure in the animal waste management systems. All those parameters 
were taken from national statistics and Polish publications (NCEM 2016). 
Nitrous oxide emissions from manure management were calculated accor-
ding to IPCC (2006) with emission factors based on the amount of nitrogen 
in animal manure taken from national inventory (NCEM 2016). Indirect 
N2O emissions from manure management consist of nitrogen volatiliza-
tion and nitrogen leaching and were calculated according to IPCC (2006). 

Emission from cropland is the sum of direct and indirect fluxes. Direct 
emissions are due to N inputs from application of synthetic N fertilizers, 
animal manure, composts, sewage sludge and other N amendments; above 
and below-ground crop residues, including N-fixing crops returned to soils; 
mineralization of N due to land use or management change; management 
or drainage of organic soils; urine and dung deposited by grazing animals 
on pastures, range and paddocks. Indirect emissions comprise the sum of 
emissions from atmospheric nitrogen deposition on soils together with 
leaching and runoff of N that is applied to or deposited in soils (IPCC 
2006). All emissions were calculated according to IPCC guidelines (IPCC 
2006). EFs were also taken from this publication except the annual amo-
unt of N in crop residues, which was calculated according to Corrigenda for 
2006 IPCC Guidelines (IPCC 2015) with N content in the above-ground 
residues, ratio of above-ground residue dry matter to harvested yield and 
fraction of total above-ground crop biomass removed from the field taken 
from NCEM (2016). The loss of C stocks from organic soils and mineral 
soils under cultivation were not calculated because of the virtual lack of 
data. 

The specific for voivodeship data on animals number, crops, synthetic  
N fertilization, sewage sludge used as fertilizer needed to complete inven-
tory was taken from The Central Statistical Office of Poland from follo-
wing publications and databases: (i) production of agricultural and horti-
cultural crops in years 1999–2016; (ii) statistical yearbook of the regions – 
Poland in years 1999–2016; (iii) Local Data Bank (LDB). 
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Results and Discussion

Total GHG emissions from agriculture

Agriculture in Poland is responsible for 8% of national GHG emissions 
(NCEM 2016), which is similar to the estimates for Europe, where agricul-
tural flux amounts to 9.9% (EUROSTAT 2016a). Although the share of agri- 
culture in domestic GHG emissions is rather small, Poland is responsible 
for 7% of GHG emissions from agriculture in EU-28 (Figure 1), following 
France (18.1%), Germany (15.2%), United Kingdom (10.2%), Spain (8.6%) 
and Italy (7%; EUROSTAT 2016b).

In recent decades the GHG emissions from agriculture in Poland 
decreased from 25,379 Gg CO2-eq. in 1999 to 23,949 Gg of CO2-eq. in 2002 
and next peaked at 26,798 Gg CO2-eq. in 2008. After the decline in 2010 the 
GHG emissions rose to 26,322 Gg CO2-eq. in 2014, and subsequently drop-
ped to 25,103 Gg CO2-eq. in 2015. In the Podlaskie Voivodeship the GHG 
emissions attributed to agriculture grew from 2,189 Gg CO2-eq. in 1999 to 
3,220 Gg CO2-eq. in 2009 and stabilized with a slight decrease to 2,937 Gg 
CO2-eq. in 2011 (Figure 2). The emissions from the Podlaskie Voivodeship 
accounted for ca. 10% in 1999 to 16% in 2015 of the total GHG emissions 
from agriculture in Poland and were related to a high ruminant livestock 
production. The overall trend observed in the Podlaskie Voivodeship was 
in opposition to the trajectory of GHG flux from agriculture in the EU-28, 
which in years 1990–2012 fell by 23.8% (EUROSTAT 2016a). Similar high 

Fig. 1. The share of GHG emissions from agriculture by EU-28 countries
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contribution of agricultural emissions to the total GHG emissions was 
observed in other agricultural regions of Europe. In the North East Sco-
tland agriculture is responsible for 23% of the total GHG emissions (Feli-
ciano et al. 2013). In Ireland in 2012 agriculture accounted for 30.7% share 
of total greenhouse gas emissions and this was the highest contribution 
from agriculture among any of the EU Member States (EUROSTAT 2016b). 

In Italy, four most fertile and exploited agricultural regions (Lombardy, 
Piedmont, Emilia-Romagna and Veneto) are responsible for 55% of total 
agricultural emissions in this country (solazzo et al. 2016).

Methane emissions from enteric fermentation and manure 
management in the Podlaskie Voivodeship

The methane emissions attributed to agriculture in the Podlaskie 
Voivodeship increased quite rapidly from 59.2 Gg in 1999 to 86.7 Gg in 2009 
and then oscillated around 80 Gg in the following years (Figure 3). The 
overall increasing trend was in opposition to the trend for Poland, where 
the CH4 emissions declined from 597.7 Gg in 1999 to 524.1 Gg in 2015. The 
largest source of methane in the Podlaskie Voivodeship was enteric fermen-
tation of ruminant livestock (Figure 4). Its share in the overall CH4 flux 

Fig. 2. The GHG emissions from agriculture in the Podlaskie Voivodeship and Poland  
in 1999–2015
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was 89.9% in 1999 and increased to almost 95% in 2015. In 2014 in Poland 
88.4% of methane originated from enteric fermentation (NCEM 2016). 

Fig. 3. Methane emissions from agriculture in the Podlaskie Voivodeship and in Poland  
in 1999–2015

Fig. 4. Methane emissions from enteric fermentation and manure management in the Podlaskie 
Voivodeship in 1999–2015
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The increase in methane emissions from enteric fermentation was due 
to the growth of livestock population in recent decades. In the Podlaskie 
Voivodeship the cattle livestock has doubled since 1960, with the highest 
growth rate between 2005 and 2009 (Figure 5). Since 2009 dairy cattle 
livestock remained stable but others, mainly calves under one year and 
young cattle of 1–2 years, grew rapidly. This tendency was similar to the 
general trend for Poland, where since 2008 dairy cows have been slightly 
outnumbered by the other cattle categories. The decline in dairy cattle in 
Poland was caused by low procurement prices for milk, high penalties for 
exceeding milk quotas and a shortage of forage in regions affected by drought. 

In the Podlaskie Voivodeship, from 1999 the number of pigs slightly 
decreased as a result of collapsing market prices. The rapid decline in 
swine population observed since 2006 (Figure 5) was attributed to a high 
fodder (cereal) prices, and decreasing procurement prices, affected by the 
import of pork from Germany, the Netherlands, Denmark, and Belgium. 
This trend stopped in 2009 due to improvement of the market. However, 
the scarcity of cereals in 2010 caused the increase of fodder prices in the 
two following years (trajer and kossakoWska 2013) and further decline 
in pig number. Even though the procurement prices of swine livestock 
have raised recently, the number of pigs in the Podlaskie Voivodeship has 
not increased mainly due to a risk of African Swine Fever (GVI 2016).

Fig. 5. Changes in cattle and swine population between 1999 and 2015 
Source: LDB (2015)
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The sheep population fluctuated along a decreasing trend; a similar 
tendency was observed for horse population. Nowadays horses are mainly 
bred for recreation, medical purposes and meat (kruszeWski 2011). The 
number of goats was rather stable, with little increase in years 2005–2010. 

The CH4 emissions from animal wastes decreased slightly from 5.9 Gg 
in 1999 to 4.3 Gg in 2015. The decline of methane emissions was attribu-
ted to the reduction in the number of swine feedstock. The general trend 
was not affected by an increase in the number of broilers from 248,958 in 
1999 to 7,021,285 in 2015.

The increasing trend for CH4 emissions is typical for those countries 
and regions, where growing cattle livestock population is observed, because 
GHG emissions, especially CH4 emissions are mainly related to the rumi-
nant number, particularly cattle number (O’mara 2011). In European 
countries, cattle are the source of 40–70% of the CH4 emissions which is 
much higher than methane emissions from other agricultural sources 
(Freibauer 2003, Wang et al. 2011). In China the population of livestock 
almost tripled in period of 1980–2013 what resulted in CH4 emissions 
increase, especially in the 2000s (Yu et al. 2018). The growing number of 
cattle in the Podlaskie Voivodeship accompanying by increasing CH4 emis-
sions is in the opposite trend to most European countries, where the dec-
line in livestock population results in decrease of CH4 emissions (Feli-
ciano et al. 2013, Freibauer 2003). 

Nitrous oxide emissions from agriculture 
in the Podlaskie Voivodeship

Nitrous oxide emissions from agriculture in the Podlaskie Voivodeship 
in 1999 amounted to 3.05 Gg and subsequently increased to 4.14 Gg in 
2015 (Figure 6). Almost 70% of N2O emissions originated from manure 
management, application of mineral and organic fertilizers, urine and 
dung left by animals on pastures, sewage sludge used as fertilizer, and 
decomposition of crop residues. Mineral fertilizers and crop residues gene-
rated 20–26% and 16–28% of total nitrous oxide emissions, respectively. 
Manure management and application were responsible for 21–24% of total 
nitrous oxide emissions. The indirect emissions resulted from N volatiliza-
tion and leaching from manure management (34%) and the transforma-
tion of atmospheric N depositions and leaching together with runoff from 
soils (66%). 

Nitrous oxide emissions from application of synthetic N fertilizers 
increased from 0.77 Gg in 1999 to 0.85 Gg in 2015 with the peak around 
2013 and 2014 (1.09 Gg and 1.07 Gg, respectively) due to growing fertilizer 
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dosage. In the Podlaskie Voivodeship the fertilization increased from 80 kg 
NPK ha-1 in 2002 to 88 kg NPK ha-1 in 2015 with a peak in 2013 (115 kg 
NPK ha-1). This trend was, however, slower than that observed for Poland 
as a whole, and fertilizer dose was still lower than the average fertilization 
rate in Poland (madej 2015) equal to 123 kg NPK ha-1 in 2015 (LDB 2016). 
The other source of N2O was emission from crop residues, which exhibited 
an increasing trend from 0.51 Gg in 1999 to 0.93 Gg in 2015, being a result 
of increased maize cultivation. The share of corn in the total area of cereals 
had been less than 10% before the year 2005 and then systematically grew 
up to 29% in 2015. This rapid increase in maize production was related to 
the growing number of cattle because maize silage is now used as high 
energetic forage.

Estimated N2O emissions from manure management grew from 0.33 Gg 
in 1999 to 0.44 in 2015. The livestock population growth also resulted in 
the rise of emissions from manure applied to soils and from dung and 
urine deposited by grazing animals. This was in opposition to CH4 emis-
sions from animal waste. The increase in N2O emissions from animal 
waste reflected the increase in cattle population and growing milk yields 
from 3,213 L cow-1 year-1 in 1999 to 5,251 L cow-1 year-1 in 2014 (PFCDF 
2016). This was due to the introduction of new more efficient breeds  

Fig. 6. Total nitrous oxide emissions form agriculture in the Podlaskie Voivodship and in Poland 
in 1999–2015
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of cows combined with improved animal diet. Despite the progressive inten-
sification and the shift from small herds housed in straw yards to herds  
of over 40 cows housed more and more often in slurry-based buildings, most 
of the herds is still between 10 and 20 cows, which are housed in the deep-
-straw system (Litwińczuk and grodzki 2014). A deep-bedded pack sys-
tem was reported to have relatively low N2O losses, which are lower than 
1–4% (ChadWick et al. 2011). The N2O emissions from sludge used as 
fertilizer in the Podlaskie Voivodeship were negligible.

A growing trend was observed in the indirect sources of N2O emissions 
from manure and soil. The estimated emissions due to N volatilization 
from manure management rose from 0.25 Gg N2O in 1999 to 0.33 Gg  
in 2015 while emissions due to leaching from manure management grew 
from 0.05 Gg in 1999 to 0.07 Gg in 2015. The atmospheric deposition resul-
ted in an emissions of 0.23 Gg in 1999 and 0.32 Gg in 2015. Leaching was 
a more important source responsible in 1999 and 2015 for 0.35 Gg and  
0.46 Gg of N2O emissions, respectively.

The highest anthropogenic N2O emissions are related to cultivated 
agricultural soils due to application of nitrogen fertilizers, mainly in mine-
ral form, however the climate and soil characteristics also influence the 
nitrous oxide emissions (Freibauer 2003, Bell et al. 2015). However, in 
regions with high animal production, as in case of the Podlaskie Voivode-
ship, the contribution of animal derived N2O emissions may be also very 
significant. In UK, crops contribute 42% to total N2O emissions, while cat-
tle 25% (Wang et al. 2011), which is similar to the contributions calculated 
for the Podlaskie Voivodeship. The increasing trend in N2O emissions from 
synthetic N fertilizers is somehow balanced with growing use of manure as 
fertilizer, however both fertilizers contribute in nitrous emissions. 

GHG emissions from agriculture in the Podlaskie Voivodeship 
compared to Poland 

The presented data indicates that area related to GHG emissions tend 
to be much higher in agricultural regions than an average for the whole 
country. In 2015 the Podlaskie Voivodeship emitted 16% of agricultural CH4 
and together with the Mazowieckie (18.5%) and Wielkopolskie Voivodeships 
(16%) was responsible for more than half of CH4 flux. However, the emis-
sions related to the area of agricultural land give a different picture. The 
Podlaskie Voivodeship with its 7,939 kg CH4 100 ha-1 a.l. dominated in 
Poland and outran the Mazowieckie Voivodeship (5,058 kg CH4 100 ha-1 a.l.) 
and the Wielkopolskie Voivodeship (4,860 kg CH4 100 ha-1 a.l.), which was 
obviously related to the largest number of cattle per 100 ha a.l. This impli-
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cates very good usage of natural conditions in the Podlaskie Voivodeship 
but also indicates the threat of growing environmental burden from agri-
culture. 

In dairy production the emission per 1 L of produced milk is an impor-
tant indicator. In the Podlaskie Voivodeship this parameter decreased 
from 33.9 kg CH4 L-1 to 21.8 kg CH4 L-1 and is similar to the value obta-
ined for the Wielkopolskie Voivodeship (20.5 kg CH4 L-1 in 2015) and the 
Mazowieckie Voivodeship (22.2 kg CH4 L-1 in 2015), where dairy produc-
tion is one of main sectors of agricultural production. The intensification  
of dairy cattle production such as increasing cattle stocking rate, milk yields 
and cow fertility reduces the emissions (gerssen-gondelach et al. 2017).

The Podlaskie Voivodeship contributed only to 9% of total N2O emis-
sions from Polish agriculture. The flux of N2O per 100 ha a.l. in 2015 equ-
aled to 391 kg N2O. The nitrogen fertilizers and crop residues were respon-
sible for more than 40% of the emissions, followed by manure management 
(11%) and organic fertilizers (13%). Agriculture in the Podlaskie Voivode-
ship is based mainly on the emission-intensive milk and meat production 
with some crop cultivation. In 2015 the region harvested only 6% of total 
Polish cereals, while the Wielkopolskie and Mazowieckie Voivodeships 
produced 13.3% and 12.8%, respectively. However, last year the Podlaskie 
Voivodeship was a significant maize producer (10% of total yield), altho-
ugh its share only halved that of the Wielkopolskie Voivodeship (21%). To 
the high emissions of the nitrous oxide in the Podlaskie Voivodeship con-
tributed large livestock number per 100 ha while low consumption of fer-
tilizers slightly decreased the N2O flux.

The results indicate that in regions where agriculture is the basic eco-
nomic factor the GHG emissions contribute much more to total emissions 
than it is assessed for the whole country. It is worth noting that agricultu-
ral sector in Poland is still in transformation phase. In the Podlaskie 
Voivodeship changes in this sector are pronounced in enlargement  
of farms, shifting from crop production to milk and meat production which 
is the most suitable direction of agriculture according to the natural con-
ditions, replacement of old equipment, decline in agriculture area per per-
son etc. (madej 2015). However, still there is a need for some improve-
ments such as higher liming, as well as phosphorus and potassium fertili-
zers rates. Increasing cattle population will cause greater demand for feed 
which may raise the share of maize in crop structure. Maize production in 
turn will increase the demand for N fertilizers which may contribute to 
higher N2O emissions. On the other hand the increasing amounts  
of manure may be problematic when its production is overly abundant in 
regions with intensive livestock production (garnett 2009).
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GHG mitigation options for agriculture 
in the Podlaskie Voivodeship

To alleviate the threat of climate change, the Podlaskie Voivodeship 
needs to introduce measures aiming at significant GHG reduction from 
agriculture, which should not affect the farmers’ income. The list of possi-
ble mitigation practices includes improvements in cropland, livestock and 
manure management, bioenergy production, restoration of degraded land 
etc. Implementation of those measures can be constrained by physical, 
political, social, biological, economic, institutional, educational and mar-
ket barriers (smith 2012). In the case of methane reduction from livestock 
the most common solution is the intensification of milk production thro-
ugh increasing herds, and milk yield (gressen-gondelach et al. 2017) or 
the decreasing of methane production during rumination through the diet. 
Higher milk production per cow may increase the demand for forage and 
hence the area of crops (nayak et al. 2015) or can lead to intensified meat 
production from the pure beef system which is characterized by very high 
GHG emissions (Flyjsö et al. 2012). The increasing milk production may 
be also politically unpopular because it will favour regions and countries 
where GHG emissions per 1 kg milk are already low through the density 
of cows and high yield per cow (mcallister et al. 2011). However, the 
GHG decrease from cows can be obtained not only through milk yield 
increase or reduced protein diet but also through the combination of those 
two with longevity to 7 lactations per cow instead of current 3–4 lactations 
(audsley and Wilkinson 2014). bacenetti et al. (2016) reported that 
increasing only milking procedure from 2 to 3 per day may increase the 
annual milk yield without changing the diet.

Beef production has the highest global warming potential, thus miti-
gation strategies in this sector are of main consideration. The study  
of buratti et al. (2017) showed that carbon footprint of conventional beef 
production is lower than of organic production due to lower enteric fermen-
tation caused by better digestibility of forage and manure management. 
As beauchemin et al. (2011) reported, the dietary modifications such 
improved forage quality, supplementation, change of forage and improved 
animal husbandry based on increased reproductive performance and lon-
gevity of breeding stock could save up to 20% of total GHG emissions. 

On the other hand, there is a growing concern not only about the 
impact of food production, especially of animal-based products on the 
environment but also the welfare of farm animals becomes a public con-
cern in many countries (deemer and lobao et al. 2011) and some treat-
ments performed on farm animals can be seen even as an ethical problem 
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(lagerkvist et al. 2006). The welfare of farm animals has become a sub-
ject of public debates and consumers more and more willingly select the 
products on which the information of farming method is effectively labeled 
(napolitano et al. 2010, bennett and balney 2002).

In the Podlaskie Voivodeship, even though the density of cows is the 
highest in the country and milk production is one of the highest, the annual 
yield from cow (5,673 L per cow, CSO 2017) is lower than those in 3 other 
voivodeships with dairy production being the main sector, and much lower 
than EU-28 average (6,898 L per cow, EUROSTAT 2016d). This means 
that intensification may not be the only solution for farmers. Increasing 
public awareness of farm animal welfare and growing niche market for 
food produced with respect to animal rights create the option for milk 
production without the intensification of the dairy sector but maintaining 
income on the current level and reducing the GHG emissions from 
livestock. 

Another important issue is mitigation of GHG emissions from manure 
management, which is related to animal diet (del prado et al. 2010, 
colombini et al. 2015, montenegro et al. 2016) and technical options 
(dalgaard et al. 2011). Easily digestible forage with reduced nitrogen 
input results in lower N2O and NH3 emissions from stored manure (mis-
selbrook et al. 2013, hansen et al. 2014). The positive effect can be also 
obtained by the addition of NO3 or other supplements such as Cysteamine 
hydrochloride to cattle diet (sun et al. 2017), however care should be taken 
with new diet supplements. Supplementing cattle feedlot with distillers’ 
grains plus solubles which are the by-product of ethanol production decre-
ases the CH4 emissions form cattle manure while substantially increasing 
N amount in excreta results in intensification of N2O emissions (hüner-
berg et al. 2014). Many studies on feedlot supplementation with a whole 
range of substances give now contradictory results, so there is a need for 
research before application of these supplements in practice. 

According to Polish legislation, slurry should be kept in covered and 
impermeable tanks, while manure is obligatorily stored on the imperme-
able plate with leachate stored in the tank. However, the uncovered 
manure is a source of GHG emissions, which can be reduced by covering 
the manure heaps (hansen et al. 2006). The in-house daily flushing  
of cattle manure thereby transferring the warm slurry to outdoor cooler 
container may reduce ca. 49% of CH4 emissions form an in-house stored 
slurry with some increase from slurry kept outside. The cooling of slurry 
channels in pig houses combined with the use of excess heat from cooling 
units may result in 31% reduction of methane emissions (sommer et al. 
2004), however in practice cooling below 15oC may not be cost-effective 
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(dalgaard et al. 2011). Another option is to use slurry and manure for 
energy generation through anaerobic digestion (massé et al. 2011). In the 
Podlaskie Voivodeship with large livestock population, there is a poten-
tial for building the biogas plants. However, investment costs, insecure 
future of this energy production sector and low level of education are the 
main constrains which slow down the development of agricultural biogas  
sector. 

Several mitigation measures can be implemented to subdue the nitro-
gen flux from soils, namely decreasing the application of synthetic N ferti-
lizers, nitrification inhibitors in fertilizers, extending the application of 
organic fertilizers, improving the timing of fertilization, catch crops and 
intermediate crops, precision farming (moran et al. 2011). The precision 
agriculture is based on the application of all inputs to the soil according to 
observed intra-field variations (Feliciano et al. 2013) and includes satel-
lite technologies, mobile devices, weather modeling, sensors for gathering 
data on soil water availability, soil compaction, soil fertility, leaf tempera-
ture, leaf area index, plant water status, local climate data etc. 

Some of those measures like the timing of fertilization or application 
of organic fertilizers or avoiding the excess of nitrogen fertilizers are or 
should be well known by Polish farmers because they are part of the Good 
Agricultural Practices Code. However, many of mitigation practices entail 
the additional cost, which raises the question about farmers willingness 
to pay and regulatory or subventions that will help to overcome this pro-
blem.

It must be stated that focusing on one target such as GHG without 
considering the whole spectrum of relationships between agricultural food 
production and environment may create in future new challenges of which 
we are not aware now. Some mistakes have already been made. Biogas 
plants based not on agricultural waste but dedicated crops like maize cau-
sed the competition for land for forage and energy crops.

Uncertainty and limitation

The IPCC method was designed for national scale inventories of GHG 
emissions. That is why it does not take into consideration neither the geo-
graphic and climatic variations nor the management practices which may 
vary as a function of climate and soil types as well as farming ideologies 
and economic factors (hillier et al. 2011). Thus this method may not be 
sufficient option for small scale inventories like community or farm level. 
However, on the regional/voivodeship scale the Tier1 and Tier 2 methods 
may be sufficient to assess the regional differences in GHG emissions, 
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even though these methods do not relay on geographic variations. Even 
though, the IPCC method, especially Tier 1 is fraught with uncertainties. 
The EFs can be a source of uncertainty, especially those taken directly 
from IPCC. The direct measurements of soil N2O emissions after applica-
tion of various organic fertilizers revealed the influence of manure type 
and time of application on EFs and their large deviation from IPCC default 
EFs (bell et al. 2016). According to chadWick et al. (1999) the N2O emis-
sions from livestock production in UK may be estimated with ±50% error. 
The changes in livestock population in one year, production per head and 
average life span in one year contribute to the values of EFs and are not 
considered in IPCC emission factors (yu et al. 2018). However, at regional 
scale, the results based on the aircraft Eddy Covariance, Relaxed Eddy 
Accumulation and wavelet covariance techniques agreed with calculation 
based on Tier 2 method (desjardins et al. 2018). It is worth noting that 
most of emission factors were taken not from IPCC, but from Polish inven-
tories and thus they are more reliable in Polish conditions and give smal-
ler uncertainties in results. The variability of results is mainly explained 
by the livestock type and number and crop structure, which on the regio-
nal/voivodeship level can be easily obtained from statistical office. Howe-
ver it must be emphasized that data for 2015 year are uncertain because 
only available data were for June 2015 and did not cover the whole year. 
In case of horses and goats population the data were the same for 2014 and 
2015 and that is why the data for 2015 may be underestimated. 

Conclusions

1. In last decades intensification and “industrialization” of agriculture 
induced the increased methane and nitrous oxide emissions in the Podla-
skie Voivodeship. Recent transformation of low-intensity agriculture into 
commercially oriented and competitive economic activity entails the 
environmental burdens such as increased GHG emissions. 

2. The overall growing trend in GHG emissions from agriculture is 
primarily related to increasing number of livestock, specifically ruminant 
animals and nitrous oxide emissions from soils and manure management. 
The expanding number of cattle causes the enlargement of fodder produc-
tion, mainly the maize crops. This, in turn, entails higher usage of N ferti-
lizers, which in consequence enhances the nitrous oxide emissions.

3. The Podlaskie Voivodeship should introduce measures to reduce 
GHG emissions from agriculture. However, the mitigation options must 
not affect farmer’s income while reducing the various environmental bur-
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dens. In changing food market, farmers are likely to be forced to find new 
niches, which will be profitable but less troublesome for the environment, 
including GHG emissions and will take animal welfare into consideration. 

Translated by agnieszka Wysocka-czubaszek
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