
1. Introduction

Ten per cent of the total territory of Hungary is grassland
(970,000 ha of 9,300,000 ha) (FÖMI, 2005). More than
200,000 hectares of extensive grasslands are nature reserve
(Szentes et al. 2007). As it is well known, there is an intensive
exchange of greenhouse gases within the atmosphere and the
biosphere including grasslands. Among them, most impor-
tant greenhouse gases are carbon dioxide (CO�), methane
(CH�) and nitrous oxide (N�O) (Tuba 2005). Carbon dioxide
exchange between Hungarian grass ecosystems and atmos-
phere has already been studied (Nagy et al. 2005, Hidy et al.
2007). Beside carbon dioxide nitrous oxide (N�O) and meth-
ane (CH�) play also important role in the growing green-
house effect. Though atmospheric concentrations of N�O and
CH� are much lower than that of CO�, global warming po-
tential of N�O and CH� is approximately 298 and 25 times
higher, respectively, compared to the CO�. Their shares in
the radiation forcing are 17 and 5 per cent, respectively
(IPCC 2007).

Methane (CH�) is produced in the soils by decomposi-
tion of organics by bacteria under anaerobic conditions.
Methane production is controlled by C-mineralization, re-
duction of alternative (to oxygen) terminal electron acceptors
and the dynamics of methanogenic activity (Segers 1998).
The main regulator of soil methane production is the anaero-
bic carbon mineralization (Segers and Kengen 1998).

Soils may also act as a sink for methane in aerated soil
where methane can be oxidized by methanotrophic bacteria
in the mineral layer (Steinkamp et al. 2001). These microbes
are often residing in a relationship with many native plants.
Beside the gas diffusion controlled by the structure and wet-
ness of the soil, methane oxidation depends also on tempera-
ture, organic N-content and organic matter content (Born et
al. 1990, Dörr et al. 1993, Crill et al. 1994, Castro et al. 1995,
Whalen and Reeburgh 1996, Brumme and Borken 1999,
Bodelier and Laanbroek 2004). On a global scale well aer-
ated soils may be responsible for the 10% of methane sinks
(Prather et al. 1995). As soils are either a potential source or
sink for atmospheric methane, positive fluxes (emission) and
negative fluxes (oxidation) can both be observed above soils.
The magnitude and direction of methane flux is mainly con-
trolled by soil temperature and moisture (van den Pol-van
Dasselaar et al. 1998).

Two mechanisms are responsible for nitrous oxide (N�O)
production in soils: namely nitrification (as an aerobic proc-
ess) and dominantly denitrification (in anaerobic condition)
(Firestone and Davidson 1989, Butterbach-Bahl et al. 1997,
Knowles 2000). Nitrous oxide is one of the intermediate
gaseous products (NO, N�O, N�) of these processes that can
be volatilised from soils. Most important parameters control-
ling the soil production and emission of N�O are the aeration,
the organic N-content and the pH (Granli and Bøckmann
1994, Bouwmann 1996, Del Grosso et al. 2000, Simojoki
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and Jaakkola 2000, Vor et al. 2003) and the temperature. The
ratio of different intermediate products (NO, N�O, N�) varies
depending on the soil water content (SWC). The production
of NO dominates in dry, well aerated soils, while in soils with
medium-high water content N�O is the dominant form, and
N� in saturated soils (Davidson 1991). According to newer
findings the soil may also be a sink for N�O (Chapuis-Lardy
et al. 2007).

The net N�O and CH� exchange fluxes between soils and
the atmosphere are controlled by the balance of concurrent
production and consumption mechanisms in the soil. Our aim
was to estimate the net fluxes of these greenhouse gases
above different semi natural grasslands on different soil
types in Hungary.

2. Field sites, sampling and measurement

2.1 Field sites

Three grassland sites were selected for the investigation
of methane and nitrous oxide exchange between atmosphere
and grassland ecosystems: 1) Bugac puszta (semi-arid sandy
grassland), 2) Isaszeg (loess grass), Gödöllõ (monoliths from
Isaszeg) and 3) Szurdokpüspöki (mountain grassland reach
in clay fraction).

Bugac puszta. The Bugac puszta experimental site is a natu-
ral semi-desert sandy grassland (Fekete et al., 1988) in
Kiskunság National Park (46°41´ N 19°36´ E, h=111 m a.s.l.)
in the Hungarian Great Plain. The climate of the region is
semi-arid temperate continental, average yearly precipitation
(1989-2006) is 553 mm yr��. Mean annual temperature at this
region is 10.7 °C. The soil is a Chernozem-type sandy soil
(Nagy et al. 2007) (sand:silt:clay = 93:3:4%). The sandy
grassland plant communities are frequently exposed to natu-
rally induced droughts (Maróti et al. 1984). Dominant plant
species are Festuca pseudovina, Carex stenophylla and Sal-

via pratensis. Share of pulses in the community is 18%. The
plant association is sensitive to disturbances but Hungarian
Grey Cattle (0.5-0.8 cattle ha�� in the period of investiga-
tions) have been grazing for centuries in equilibrium with the
grass ecosystem.

Isaszeg. The Isaszeg station is a natural loess grassland lo-
cated at the edge of the Hungarian Great Plain near Isaszeg
village (47° 42’ N, 19° 24’ E, h=255 m a.s.l.). The climate is
semi arid, temperate continental, mean annual temperature is
10.7 °C. Average yearly precipitation (1989-2006) is 579
mm yr��. The site is characterised by Chernozem-type sandy
loess soil (sand:silt:clay = 46:36:18%). The vegetation stud-
ied was xeric, species rich, tall loess grassland (Salvio-Fes-

tucetum rupicolae). The temperate Salvio-Festucetum rupi-

cole climatic zonal grassland vegetation has been evolved on
loess stone base. It is rich in minerals, the clay minerals en-
sure a well-structured soil. It is a vertically well structured,
almost completely closed (up to 90–95 %) steppe community
rich in broadleaf dicotyledons and consisting of almost 100
species (Fekete 1992, Zólyomi and Fekete 1994). According
to a survey in 2002 sample patches initially dominated by

Festuca rupicola, Dorycnium herbaceum, Salvia nemorosa

and Chrysopogon gryllus. Other characteristic taxa of the
community, like Brachypodium rupestre, Botriochloa is-

chaemum, Euphorbia pannonica, Seseli osseum and Galium

verum were commonly encountered in the plots. This plant
community is appeared to be similar to the tall-grass prairie
and sage-bush grassland of North America (Czóbel et al.
2005). During a second survey (2005) substantial changes in
community structure has been observed, dominant species
are: Dactylis glomerata and Salvia nemorosa. Share of
pulses is 16%.

Gödöllõ. For Gödöllõ site, monoliths from Isaszeg were
transported to the Global Climate Change and Plants Long-
term Experimental Ecological Station situated in the Botani-
cal Garden of Szent István University, Gödöllõ about 7-8 km
away from Isaszeg site as the crow flies. The monoliths were
transplanted as described before (Tuba et al. 1996). This sta-
tion has the same climate, botanic and soil characteristics as
Isaszeg site (Szerdahelyi et al. 2004). (The reason of trans-
ferring monoliths from Isaszeg was to investigate the effect
of irrigation on soil fluxes, using the available infrastructure
on site, however it is not the subject of the present paper.)

Szurdokpüspöki. Szurdokpüspöki study site lies on a moun-
tain meadow in a deforested hilly plateau located in the
northern part of Hungary, near the village Szurdokpüspöki,
in the western part of Mátra mountains (47°51’ N, 19°44’ E,
h=300 m a.s.l.). The microclimate of this region is slightly
different from the previous one, the mean annual temperature
is 10.2 °C and the annual sum of precipitation is 622 mm. The
soil type of the meadow is heavy clay, brown forest soil
(sand:silt:clay = 28:26:46%) and the main grass components
are: Festuca rupicola Heuff, Festuca pseudovina, Plantago

lanceolata, Arrhenatherum elatius and Poa pratensis. Share
of pulses is 15%.

2.2 Sampling and measurement

Soil N�O and CH� flux samplings were carried out by
8-18 parallel static soil chambers with a constant height of
h=5 cm. Circular rims for chambers were placed approxi-
mately 3-4 m apart along a transect. These were left in situ

for the duration of the experiment in order to avoid the high
emission peaks frequently observed due to installation dis-
turbance effects. The rims were pushed 4 cm into the soil and
were covered by the chamber body only during the 30 min-
utes of the samplings, allowing normal light and precipitation
exposure at all other times. Rims were installed to avoid the
enclosure of tall plants, short grass within the rim area was
not clipped before samplings. Samples were taken at t=0 and
30 min. after closure of the chambers by syringe into evacu-
ated vials. Concentration changes in chambers in half an hour
of samplings after closure were determined by HP 5890 II.-
HP 5972 gas chromatography-mass spectrometry (2002-
2006) equipped by HP-PlotQ column, and gas chromatogra-
phy-electron capture detector (GC-ECD) and flame
ionisation detector (GC-FID) (2007) with GS-CARBON-
PLOT column, for nitrous oxide and methane, respectively.
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Calibration and reference gases were provided by Scott and
Messer companies. Fluxes were calculated as:

F���= (∆C*2*A�*V��*60*f)/(V�*A��*t)= 3.5*∆C/t*f

and

F	
�= (∆C*M	
�*V��*60*f)/(V�*A��*t)= 2*∆C/t*f,

where F is the flux [µg N m�� h�� or µg CH� m�� h��], respec-
tively, ∆C=C��-C� is the difference in mixing ratios [ppb] in
chambers at the end and the start of samplings: t=30 and t=0
min., A� is the atomic weight of N, M��� is the molecular
weight of methane, V�� the volume of chambers [m�], 60 is
the time conversion factor [min h��], f is the factor taking into
account the residual pressure in the evacuated tubes (varies
between 1.090 and 1.233), V	 is the molar volume: 24 L at
laboratory temperature (t=20) during measurements, A�� is
the surface of soil covered by chambers, t is the sampling
time [min]. Precision and detection limit of concentration
measurements were estimated as follows. According to sta-
tistical analysis the non-systematic bulk error (CV: coeffi-
cient of variation) of sampling and analysis estimated using
parallel samplings was always below 10% for both compo-
nents. CV was determined using at least ten samples at the
start of samplings (t=0). Since samples were taken immedi-
ately after closure, concentrations are close to the relatively
constant atmospheric background values (320 ppb and 2.0
ppm for N�O and CH�, respectively). Typical CV during fre-
quent check of precision ranges between 4 and 6%. The de-
tection limit was determined taking into account a minimum
10% changes in concentration during sampling from the in-
itial background values. According to this criterion the cal-
culated detection limits for nitrous oxide and methane fluxes
are 1.3 µg N m�� h�� and 10 µg CH� m�� h��. The sampling
program can be seen in Table 1.

As can be seen in Table 1 frequency of observations var-
ies from weekly to monthly samplings. Because the distribu-
tion of samplings is not even during the year, a simple gap-
filling method was applied to calculate the yearly mean
fluxes. For stations with continuous sampling (few sam-
plings in each month), monthly means were calculated from
the individual measurements. Yearly mean was calculated as
the average of the monthly fluxes. For stations with incom-
plete sampling during the year (e.g., for Szurdokpüspöki,
where samples were taken solely in vegetation period) the
ratio of fluxes in the examined and the missed period was
determined by means of the flux ratio of stations with com-
plete sampling protocol. This ratio was used as a gap-filling
correction factor for the calculation of the yearly average
fluxes. As a consequence of the discontinuous samplings
possible emission peaks observed e.g., after melting or high
rainfall after drought periods are missing. However, because
modelled and measured yearly fluxes for Bugac site are in
good agreement (Grosz et al. 2008) emission peaks probably
play less important role in yearly account of fluxes.

3. Results and discussion

3.1 Methane

The results of individual measurements of methane soil
flux can be seen in Figure 1. Methane flux varies within a
wide range of -80 to 40 µg CH4 m�� h�� (-7.0 to 3.5 kg CH�

ha�� yr��) (positive: source, negative: sink). According to the
literature data the magnitude and the direction (emission or
uptake by soil) strongly depend on the soil moisture (SWC)
and on the temperature. Maximum uptake can be observed at
high soil temperature and medium soil moisture (20-35%
w/w). Below 5% of SWC methane uptake inhibited by the
water stress for methanotroph bacteria. Above higher than
50% SWC methane production dominates against methane
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uptake. Temperature and moisture dependence of methane
flux is described in detail by van den Pol-van Dasselaar et al.
(1998), however in the lack of measurement data there is not
possible to demonstrate these phenomena in this study. Par-
allel with the variation of SWC and temperature the direction
of methane flux varies as well. As Table 2 demonstrates,
methane fluxes of sandy and loess soil show high SD with
low mean methane flux (either sink and source). In other
words, in spite of significant positive or negative fluxes in the
individual years, methane emission and uptake are practi-
cally balanced for the observed two years above this kind of
soils. For clay grassland net soil uptake can be observed for
both years with high SD indicating that sources and sinks are
nearly balanced for grassland on clay soil as well.

3.2 Nitrous oxide

The results of individual measurements of nitrous oxide
soil emission fluxes can be seen in Figure 2. Nitrous oxide
flux varies within a range of -20 and 80 µg N m�� h�� (-1.5 to
7.0 kg N ha�� yr��). Nitrous oxide fluxes (Table 3) show high
standard deviation with low mean among different years and
ecosystems. In Bugac and Isaszeg/Gödöllõ stations the soil
emission decreased by a factor of 6 between the periods of
2002-2003 (mean 0.76-0.82 kg N ha�� yr��) and 2006-2007
(mean 0.13 kg N ha�� yr��). This fact indicates that substantial
changes may have occurred in soil characteristics mentioned
in the introduction, during the last few years. Change of com-
munity structure can be excluded from the possible reasons
of changes cause it is not a governing factor for soil gas emis-

sions. Inter-annual changes in fluxes probably caused by dif-
ferent rates of denitrification-nitrification processes in rela-
tion with change of soil physical, chemical and biological
characteristics. Such great variations were also found for 10
different European grassland sites (including intensive man-
aged grasslands) for the years of 2002-2004 (Flechard et al.
2007). In this study the average annual N�O fluxes of 10 sta-
tions was 0.93 kg N ha�� yr�� (SD: 1.3) very close to the
fluxes measured in the same period in Hungary. In spite of
relatively few measurement data and different investigation
period of stations, it seems that sandy and loess soil grass-
lands emit similar amounts of nitrous oxide (0.5 kg N ha��

yr��), while above clay soil, lower emissions can be observed
(0.2 kg N ha�� yr��) in the mountainous region. Difference
can not be explained by the difference in species composi-
tion, i.e., the different rate of N-fixation, because the share of
pulses at the different sites are approximately the same, lies
between 15 and 18%.

Atmospheric deposition beside the biological N-fixation
is generally the only N-source for non-fertilized grasslands.
The rate of wet and dry N-flux was determined for grasslands
in the Hungarian Great Plain by Kugler et al. (2008), they are:
– 4.7± 0.23 (wet) and –9.1±0.60 (dry) kg N ha�� yr��, respec-
tively. Taking into account these figures, from negligible up
to 8 per cent of the deposited N-compounds are converted in
the soil mostly by denitrification to N2O and released into the
atmosphere.
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