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Abstract: Climate change-induced extreme changes are making phytomass yields of extensive
grasslands in continental areas increasingly dependent on the season. This situation is exacerbated,
inter alia, by the decline in grazing livestock production due to a lack of quality labour, and thus by
an increase in the proportion of unused or under-utilised grassland. In our experiments, we have
refined the effects of a decade of unused/abandonment, mulch, mowing and meadow utilisation on
carbon emissions, soil moisture and soil temperature during two different types of years. We found
that unused/abandonment grassland with accumulated duff in the absence of utilization had the
highest carbon dioxide emission values in different years, even at lower soil moisture values. Our
results confirm the fact that fallow grasslands can be considered a source of risk due to their increased
greenhouse gas emissions.

Keywords: CO2 emissions; soil moisture; soil temperature; underutilized grassland

1. Introduction

One of the multifunctional roles of gynephrine is the regulation of the carbon cycle [1].
Globally, grasslands store 34% of mobile carbon stocks. Savannas contribute 40% of
carbon emissions from biomass burning [2]. From a climate change perspective, the role of
grasslands in the carbon cycle needs increased attention according to Hunt et al. [3] and
Heimsch et al. [4].

Soil, including grassland soils, is the largest carbon sink and plays an important role in
the carbon cycle [5], with soil bacteria and plant root systems maintaining the global carbon
cycle balance [6]. Singh et al. [7] found that carbon dioxide emissions from grasslands
are significantly influenced by the crop stage resulting from the intensity of utilization.
Soil type (clay loam) also influences soil carbon stocks according to Yang et al. [8] and
Minasny et al. [9]. Underutilisation can lead to degradation and overgrazing of grass-
lands [10–13], which can result in excess carbon dioxide emissions. In turn, eroded turf
soils can reduce soil carbon stocks [14], but this should not be the goal. Weather conditions
also affect the carbon cycle [15,16]. Adequate spring precipitation is crucial, influencing the
following season’s water availability in the soil, the conditions for microbial life through
soil moisture, and thus the dynamics of the carbon cycle [17]. In turn, a dry spring can
significantly reduce soil carbon cycling [18]. According to Balogh et al. [19], during drought,
plants release more CO2, which can increase atmospheric carbon concentrations. Kovács
and Szőllősi [20]; Zsembeli et al. [21]; and Birkás, [22] found that the area covered with
phytomass has higher CO2 emissions. Based on their experiments, Kovács et al. [23]
investigated soil CO2 release in a grassland with Solonyec soil and found that CO2 re-
lease is related to a number of factors other than soil moisture, such as soil fertility, soil
temperature, nutrient supply, and pH. Similar results were obtained by Oertel et al. [24];
Hénault et al. [25]; and Wu et al. [26].
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In the Hungarian context, research is increasingly focusing on the issue of accumulated
phytomass resulting from underutilisation of grasslands, and one of the consequences of
this is the change in carbon dioxide emissions from grasslands. However, the structure of
the underutilised grassland vegetation is characterised by a continuous degradation, with
the area steadily moving towards a state of terminal succession (forest decline) [27–29].
Abandonment is not only associated with species loss [30] but can also lead to a more
featureless vegetation [31]. Tasi et al. [32] concluded from Corine 50 surface cover data
that about 20% of Hungarian grasslands are underutilised, and Vincze [33] found that the
situation is more severe in the North-Hungarian region, where hills and mountains domi-
nate, with 47.1% of unutilised grasslands in 2005. Wiliems and Bik [34] and Török et al. [35]
also found underutilisation to be a problem in European mountain grasslands. When
grassland is underutilised, the progression of succession processes threatens the existence
and persistence of valuable grassland components [36–39] and may change the role of
the site in the carbon cycle. According to Barcsák et al. [40], the plant composition of
unutilised grasslands changes in an unfavourable direction, which results in a boost to
natural succession processes. The absence of mowing leads to the onset of reedification
in meadows [41] and to the onset of browsing and afforestation in dry grasslands [42–46].
According to Perevolotsky and Seligman [47], undergrazing leads to a “green desert” con-
dition, where the area becomes an impenetrable scrub and species richness of the area
is reduced [48,49], and increases the risk of bushfire in Mediterranean and arid regions
due to water scarcity [50], which can also significantly increase the amount of carbon
dioxide released to the atmosphere. According to Brockway et al. [51]; Ónodi et al. [52]
and Szentes et al. [46], the loss of soil cover with the establishment of shrubs in grasslands
leads to excessive soil warming and promotes soil degradation processes, changing the
intensity of soil life and thus the rate of carbon dioxide emissions.

In the Central Tisza region, the gradual decline of grazing livestock farming, primarily
sheep farming—according to the Central Statistical Office, there were 3.09 million adult
sheep in Hungary in 1980, 1.129 million in 2000 and 1.060 million in 2019—and the spread
of pasture-based technology due to labour shortages [53] led to the emergence of extreme
grassland utilisation methods. This is because pasture-based husbandry can often lead
to overgrazing, while the phytomass of the more distant pasture remains unutilised (un-
used/abandonment grassland). If grazing is not possible, the main grass production can
be harvested by mowing (mowing use), while, if grazing animals are present, the stubble is
also exploited (meadow use). These uses can affect carbon dioxide emissions. Therefore,
in our study, we investigated the relationships between carbon dioxide emissions, soil
temperature and soil moisture in underutilized grassland under different management
regimes using different instruments, to which a climate index was assigned. A description
of the studies is given in the Materials and Methods section.

The following question was formulated as an objective for our manuscript:

- How does atmospheric natural precipitation affect carbon dioxide emissions in grass-
land under different treatments?

2. Materials and Methods

In our study, we used the temperature and precipitation data of the Meteorological
Measuring Station of the Hungarian Agricultural and Life Sciences University, Karcag
Research Institute to characterize the nature of the seasons (Table 1).

Vinczeffy [54], based on several years of operational experiments, refined the investiga-
tion of the adequate precipitation–heat requirement for grassland production in Hungary and
called it the climate index, which is the characteristic of the given period in relation to the
optimum value of 0.200–0.250 mm/◦C (0.05 mm/◦C—desert, 0.075 mm/◦C—semi-desert,
0.1 mm/◦C—arid, 0.125 mm/◦C—dry, 0.15 mm/◦C—slightly dry, 0.175 mm/◦C—medium,
0.2 mm/◦C—arid, 0.225 mm/◦C—optimal, 0.25 mm/◦C—slightly rainy, 0.3 mm/◦C—rainy,
and above 0.3 mm/◦C—very rainy). Since the calculation of the climate index is a fully
accepted scientific and practical method in Hungarian grassland management, the monthly
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precipitation–heat calculation of our experimental period was based on the method of Vincz-
effy [54]. The climate index by month was calculated on the basis of his calculations, and
then the nature of the months was classified into the categories he provided (Table 2). The
following Formula (1) was used to determine the climate index for each month:

Climate index (mm/◦C) = monthly precipitation sum (mm)/[monthly mean
temperature (◦C) × number of days in month].

(1)

The experimental area under study belongs to the Pannonian flora region, the Transtisza-
nian flora region of the lowland flora region [55]. The underutilized grassland experiment
is classified in the grassland association of the brush–grass meadow (Agrosti-Alopecuretum
pratensis). The study areas are part of the Natura 2000 network [56] and have been included
in the National Agri-Environmental Programme in several rotations. The soil type of the
experiment is medium meadow solonetz.

Table 1. Average temperature and precipitation (Karcag) in the period under review (2019–2020).

Month
Average Temperature (◦C) Monthly Rainfall (mm)

2019 2020 2019 2020

January 2.20 −1.00 −1.30 19.80
February 0.20 3.70 4.70 40.20

March 3.20 9.00 6.60 34.40
April 16.10 12.90 11.50 9.80
May 19.80 14.60 14.50 17.80
June 21.20 23.10 20.30 118.40
July 22.50 21.80 21.50 139.30

August 24.00 23.80 23.00 73.30
September 18.30 17.20 18.40 31.70

October 13.70 12.90 12.10 111.20
November 7.10 9.10 5.00 13.80
December 0.80 3.10 3.80 38.80

Annual 12.50 13.30 11.70 648.50

In 2009, an experiment was set up in the grassland area of the Karcag Research Institute
to clarify the effects of changes in plant structure on underutilised natural grassland
(N 47.291057, E 20.920003). In the rest of the grassland, extensive meadow management
(1 mowing per year, followed by cattle grazing) has been carried out since 1987, and the
results reported cover the period 2019–2020.

At the start of the experiment, in 2009, the following 4 treatments were set up in
3 replicates, with replicate plots covering a net area of 20 m2 (10.4 m × 2 m):

• Unused/abandonment grassland: since 2009, the area has been unused (designa-
tion: A/Z);

• Mulch treatment: since 3 May 2009 (Desigination: A/M);
• Mowing treatment: Mowing only once a year, in the third decade of May, and removal

of phytomass (designation: A/K);
• Grassland management: Mowing in the third decade of May, haying, and, in August,

sheep grazing on hay (designation: A/R);

In the grassland management, the so-called shepherding, underfoot grazing method,
with a stocking rate of 10 sheep/ha, was used to harvest the grassland for the sheep flocks
(Figure 1).

Soil CO2 concentrations, soil temperature and soil moisture were measured at regular inter-
vals in 2019 and 2020 (28 March 2019–1 October 2019 and 7 April 2020–9 October 2020). This was
generally done every 2 weeks after dew had started to rise, between 9:00 a.m.–10:00 a.m.,
thus avoiding warming.
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Table 2. Monthly nature of the 2019–2020 climate index (Karcag).

Month, Year Monthly Mean
Temperature (◦C)

Monthly Precipitation
Sum (mm)

Climate Index
(mm/◦C)

Categories of
Climate Index

January, 2019 −1.0 31.2 −1.006 -
February, 2019 3.7 6.2 0.06 desert

March, 2019 9.0 8.8 0.032 desert
April, 2019 12.9 47.3 0.122 dry
May, 2019 14.6 116.7 0.258 slighty rainy
June, 2019 23.1 65.5 0.095 arid
July, 2019 21.8 59.5 0.088 arid

August, 2019 23.8 14.6 0.02 desert
September, 2019 17.2 40.6 0.079 semi-desert

October, 2019 12.9 8.4 0.021 desert
November, 2019 9.1 72.2 0.264 slighty rainy
December, 2019 3.1 34.1 0.355 very rainy

January, 2020 −1.3 19.8 −0.491 -
February, 2020 4.7 40.2 0.295 rainy

March, 2020 6.6 34.4 0.168 medium
April, 2020 11.5 9.8 0.028 desert
May, 2020 14.5 17.8 0.04 desert
June, 2020 20.3 118.4 0.194 above
July, 2020 21.5 139.3 0.209 above

August, 2020 23.0 73.3 0.103 arid
September, 2020 18.4 31.7 0.057 desert

October, 2020 12.1 111.2 0.296 rainy
November, 2020 5.0 13.8 0.092 arid
December, 2020 3.8 38.8 0.329 very rainy

Note: 0.05 mm/◦C—desert, 0.075 mm/◦C—semi-desert, 0.1 mm/◦C—arid, 0.125 mm/◦C—dry,
0.15 mm/◦C—slightly dry, 0.175 mm/◦C—medium, 0.2 mm/◦C—arid, 0.225 mm/◦C—optimal,
0.25 mm/◦C—slightly rainy, 0.3 mm/◦C—rainy, above 0.3 mm/◦C—very rainy.
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Figure 1. Plots and photo of the experiment set up in the underutilised area (Karcag, 2019–2020) (own
editing and photo).

Soil CO2 emissions were measured using a framework method developed at the
Karcag Research Institute [57]. The instrument consists of a metal frame with a groove,
specifically designed for the turf surface, and a vessel to delimit the measurement surface.
The vessel used to delimit the measurement surface ensures that the gas does not escape
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during the measurement of CO2 concentration, which is ensured by filling the rim on
the metal frame with water, allowing for an airtight isolation. A Testo 535 infrared gas
analyser was used to measure the CO2 concentration. The measurement procedure is as
follows: after delimitation of the measurement area, the area is covered, the incubation
time (30 min) passes, and the CO2 concentration in the vessels is measured. The 30 min
incubation time does not saturate the measuring device and is the most optimal time as it
allows the highest CO2 concentration to be measured. The results of values measured at
shorter incubation times have too high a standard deviation and longer incubation times
decrease the concentration of the gas.

The following Formula (2) was used to calculate the CO2 emission values:

F = d × V/A × (C1 − C2)/t × 273/(273 + T) (2)

where F = CO2 emission (kg m−2·h−1); d= CO2 volume density (1.96 kg m−3); V= volume
of the cylinder above ground level (0.0040 m3); A = measurement surface (0,0314 m2);
C1= initial CO2 concentration (m3 m−3); C2= post-incubation CO2 concentration (m3 m−3);
t= incubation time (1800 s); T= air temperature (◦C).

For the soil moisture and soil temperature measurements, we used a Truebner Combine
6000 SMT-100 type instrument, which measures the dielectric conductivity of the soil and
calculates the moisture content, expressed as a percentage by volume. The calibration of
the instrument is not soil specific; it can be widely used. The instrument measures the
values to one decimal place. It can be used to measure the average moisture content of a
0–10 cm layer. It also measures the temperature of the layer at the same time as measuring
the moisture content, the results being read from a hand-held data logger display.

One-way analysis of variance was used to statistically evaluate our results. The results
are averaged by treatment for better clarity.

3. Results

In our 2019 study, the highest values of carbon dioxide emissions for all treatments
were obtained between 23 May and 6 June (Figures 2 and 3). Trends in soil temperature,
soil moisture, and carbon dioxide emission for the year were plotted independently of
the treatments.

As May 2019 was slightly rainy (0.254 mm/◦C) according to the climate index, this
fact could be one of the determinants of the previous results. The lowest carbon dioxide
emission values were measured for meadow use on 04/07 and 22/07. If we assign climate
indices to these measurement dates, June was droughty (0.095 mm/◦C), and July was also
droughty (0.088 mm/◦C) at the experimental site.

Based on the data from our experiment, it is likely that grassland under grazed
(meadow) use also contributes less carbon dioxide to the atmosphere than grassland left
fallow. When comparing the carbon emission values of the treatments, the following results
were obtained. At measurement 11 (15 August 2019), when comparing mulch and meadow
cover treatments and mulch and mowing treatments, the carbon emission values of the
mulch treatment were higher (p-value: 0.005 and 0.003, respectively). At the same time
of measurement, when comparing unused/abandonment grassland with meadow tillage
and unused/abandonment grassland with mowing, the carbon emission values of the
unused/abandonment grassland treatment were higher (p-value: 0.023 and 0.009, respec-
tively). When comparing the meadow use and mowing treatments, the carbon emission
values of the meadow use treatment were higher (p-value: 0.038). In the 13th measurement
(11 September 2019), when comparing mulch and meadow cover treatments and mulch
and mowing treatments, the carbon emission values of the mulch treatment were higher
(p-value: 0.001 and 0.028, respectively). At the same time of measurement, when com-
paring unused/abandonment grassland with meadow tillage and unused/abandonment
grassland with mowing, the carbon emission values of the unused/abandonment grass-
land treatment were higher (p-value: 0.007 and 0.025, respectively). When comparing the
meadow use and mowing treatments, the carbon emission values of the mowing treatment
were higher (p-value: 0.013). At the 14th measurement date (1 October 2019), the carbon
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emission values of the mowing treatment were higher (p-value: 0.046) when comparing the
meadow mowing treatment with the mowing treatment.
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The soil moisture and temperature of the treatments were measured at the same time
as the carbon dioxide measurement dates at a depth of 0–10 cm: 16.23% soil moisture
was measured on 8 May 2019, which was the same in the mowing treatment plots, as the
previous two weeks had received 74.7 mm of rainfall. August was desert (0.020 mm/◦C)
and September semi-desert (0.079 mm/◦C) in terms of climate index.

The extremely long period of drought in the summer was interrupted by a 22 mm
rainfall in the first decade of September, before our measurement date of 11 September
(Figures 4 and 5). The highest values of carbon dioxide emissions were then measured for
unused/abandonment and mulched grassland use, the lowest for mowing and meadow
use. The soil moisture values, on the other hand, show the opposite order.
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1 
 

Figure 4. Average results of soil moisture (%), CO2-emission (kg m−2·h−1) by treatment on
11 September 2019 (Karcag). Note: A/Z: Unused/abandonment grassland treatment; A/M: mulch
treatment; A/K: Mowing treatment; A/R: Grassland.

1 
 

Figure 5. Average results of soil temperature (◦C), CO2-emission (kg m−2·h−1) by treatment on
11 September 2019 (Karcag). Note: A/Z: Unused/abandonment grassland treatment; A/M: mulch
treatment; A/K: Mowing treatment; A/R: Grassland.

Carbon dioxide emissions data for 2020 were similar to the previous year, with the
highest carbon dioxide emissions also measured in the summer of the year under review
(Figures 6 and 7). Trends in soil temperature, soil moisture and carbon dioxide emission for
the year are plotted independently of treatments.
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In 2020, we were unable to measure any data on two occasions during the measurement
period, as a total of 206.1 mm of precipitation fell between 18 June and 27 July 2020, which
could not be absorbed into the soil. These months (June, July) were considered as fresh for
the climate index (0.194 mm/◦C and 0.209 mm/◦C). Lower values were recorded in the
spring and autumn periods, as April (0.028 mm/◦C), May (0.040 mm/◦C) and September
(0.057 mm/◦C) were desert-like.

Temperature and moisture of the soil in the treatments were measured at the same
time as the carbon dioxide measurement dates at 0–10 cm depth, similar to 2019. Due to
the high rainfall in summer, we measured the highest soil moisture in the mulch treatment:
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21.30% (28 July 2020). Soil temperature data were broadly even throughout the year, with
the highest temperature data measured in the unused/abandonment grassland plots on
3 June (39.77 ◦C) (Figures 8 and 9).
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Figure 9. Average results of soil temperature (◦C), CO2-emission (kg·m−2·h−1) by treatment on
28 July 2020 (Karcag). Note: A/Z: Unused/abandonment grassland treatment; A/M: mulch treatment;
A/K: Mowing treatment; A/R: Grassland.

When comparing the carbon-dioxide emission values of the treatments, the following
results were obtained: in the 2nd measurement (21 April 2020), when comparing mulch and
meadow use treatments and unused/abandonment grassland and meadow use treatments,
the carbon emission values of the meadow use treatment were higher (p-value: 0.016 and 0.009,
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respectively). At the same time of measurement, when comparing unused/abandonment
grassland and mowing treatments and mulch and mowing treatments, the carbon emission
values of the mowing treatment were higher (p-value: 0.024 and 0.039, respectively). At the 5th
measurement (3 June 2020), when comparing the unused/abandonment grassland treatment
with the meadow mowing treatment and the unused/abandonment grassland treatment with
the mowing treatment and the unused/abandonment grassland treatment with the mulch
treatment, the carbon emission values of the unused/abandonment grassland treatment were
higher (p-value: 0.004, p-value: 0.012, and p-value: 0.0007, respectively). At measurement 9
(28 July 2020), when comparing unused/abandonment grassland and mowing treatments
and unused/abandonment grassland and mulch treatments, the carbon emission values of
the unused/abandonment grassland treatment were higher (p-value: 0.033, p-value: 0.021).

Similar measurement periods in 2019–2020 were compared using analysis of variance,
which found that 2019 had higher CO2 emission content. Our hypothesis was proved by
analysis of variance, which showed that no significant result was obtained when comparing
the first and the 9th measurement (p-value: 0.072 and 0.603, respectively), while, in the
other cases, the analysis of variance results showed a strong correlation.

4. Discussion

Temperature, as well as precipitation, affects the CO2 emissions of the grassland. The
results of our studies confirm the findings of Kovács and Szőllősi [20] and Zsembeli et al. [21];
furthermore, Birkás [22] found that CO2 concentrations are higher in mulch-covered areas.
Carbon dioxide emission values were verifiably the highest for unused/abandonment grassland
at all measurement dates, indicating the potential threat of fallow grasslands in the fight against
climate change.

In the unused/abandonment and mulched treatments, the soil surface is covered by a
crust of dead phytomass tissue tissue, and in the mowed treatment, dense leafy growth
that is not suitable for mowing can reach a height of ~15 cm, already shading by July.
However, in meadow utilisation, the leaf litter was grazed by sheep, so the drying effect
of the sapping sunshine may have been more pronounced, and the living conditions for
carbon dioxide-producing microbes may have been less favourable, and they were least
likely to have access to dead organic matter sources in meadow utilization. As temperatures
rise, so do CO2-emissions from grasslands [58].

High precipitation increases CO2 emissions [59]. CO2 emissions remained lower under
mowing and meadow management under intensive rainfall [60], whereas CO2 emissions
increased after high rainfall in areas covered with mulch or straw. In the agricultural sector,
we predicted parallel movements in carbon dioxide emissions and soil moisture due to
the results of the spreading mulch technologies due to climate change. However, with
the accumulation of grass coppice for the 13th year and unusually long periods of no
precipitation due to climate change, the results of our measurements did not follow the
“paper form” on several occasions.

The accumulation of duff in the unused/abandonment and mulched grassland sys-
tems, after a prolonged period of aridity, prevents the rainfall from reaching the soil, up to
a certain limit. However, despite this, the duff, which continuously feeds soil bacteria, can
result in high soil biological activity that produces high levels of carbon dioxide, even at
lower soil moisture values.

5. Conclusions

The extent of carbon emissions from grassland is crucial to the problems of climate
change. The higher amounts of precipitation that are predicted to fall after a longer period
of drought due to climate change may be partially retained by a thicker layer of fallow
grassland, and thus trend-breaking soil moisture values may be measured. The results
of our experiment have provided new data to clarify the fact that unutilised grassland
covered with phytomass has high carbon emissions, and this is also true during periods of
drought and rainfall. Avoiding the accumulation of phytomass is therefore critical for the
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climate index to reduce carbon emissions. In the Great Plain, the carbon emissions from
fallowing and underutilisation should be addressed in as many semi-natural arid grassland
associations as possible.
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13. Czóbel, S.; Szirmai, O.; Németh, Z.; Gyuricza, C.; Házi, J.; Tóth, A.; Schellenberger, J.; Vasa, L.; Penksza, K. Short-term effects of
grazing exclusion on net ecosystem CO2 exchange and net primary production in a Pannonian sandy grassland. Not. Bot. Horti
Agrobot. Cluj-Napoca 2012, 40, 67–72. [CrossRef]

14. Dhital, D.; Prajapati, S.; Maharjan, S.R.; Koizumi, H. Soil Carbon Dioxide Emission: Soil Respiration Measurement in Temperate
Grassland, Nepal. J. Environ. Prot. 2019, 10, 289–314. [CrossRef]

15. Lorenz, K.; Lal, R. Carbon Sequestration in Agricultural Ecosystems; Springer: Cham, Switzerland, 2018; pp. 39–136. [CrossRef]
16. Harrison, P.A.; Dunford, R.W.; Holman, I.P.; Cojocaru, G.; Madsen, M.S.; Chen, P.-Y.; Pedde, S.; Sandars, D. Differences between

low-end and high-end climate change impacts in Europe across multiple sectors. Reg. Environ. Chang. 2019, 19, 695–709.
[CrossRef]

17. Bastos, A.; Ciais, P.; Friedlingstein, P.; Sitch, S.; Pongratz, J.; Fan, L.; Wigneron, J.; Weber, U.; Reichstein, M.; Fu, Z.; et al. Direct
and seasonal legacy effects of the 2018 heat wave and drought on European ecosystem productivity. Sci. Adv. 2020, 6, eaba2724.
[CrossRef] [PubMed]

18. Tramontana, G.; Jung, M.; Schwalm, C.R.; Ichii, K.; Camps-Valls, G.; Ráduly, B.; Reichstein, M.; Altaf Arain, M.; Cescatti, A.;
Kiely, G.; et al. Predicting carbon dioxide and energy fluxes across global FLUXNET sites with regression algorithms. Biogeosciences
2016, 13, 4291–4313. [CrossRef]

19. Balogh, J.; Fóti, S.; Pintér, K.; Cserhalmi, D.; Papp, M.; Koncz, P.; Nagy, Z. A talajok CO2-kibocsátásának jelentősége hazai gyepek
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28. Szemán, L. Gyepgazdálkodási Ismeretek; Szent István Egyetem: Gödöllő, Magyarország, 2006; pp. 1–89.
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