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Rising concentrations of carbon dioxide (CO2) are the 
main concern since CO2 emissions from the combustion 
of fossil fuels account for >50% of the estimated increased 
greenhouse effect (IPCC, 2007). Agricultural emissions 
account for 49% of anthropogenic methane emissions, 66% 
of global anthropogenic N2O emissions (Robertson, Grace, 
2004) and 15% of anthropogenic CO2 emissions, which 
in some regions is the largest land-based CO2 flux to the 
atmosphere (Janssens et al., 2003). Due to the increasing 
concentration of CO2 in the atmosphere, CO2 is responsible 
for global climate change (Melillo, Morrisseau, 2002). Soil 
is a dynamic component of the global C cycle and can 
be a source or a sink of CO2 depending on management 
practices. Although fossil fuel combustion is the major 
cause of the increase in atmospheric CO2 concentration, 
agricultural activities have also been significant contributors. 
Historically, soils have lost about 40 to 90 Pg C (estimated 
value) to the atmosphere. Conventional plowing has been 
regarded as a  major cause of this C loss in cropping soils. 
Tillage-induced soil organic carbon (SOC) losses have been 
well documented (Lal, 2001). The rate of soil CO2 emission is 
strongly related to the amount and type of organic materials 
present or added to soil, and the complex interaction 
between soil physical, chemical, and biological processes 
as well as environmental conditions such as temperature, 
precipitation, etc. (Juma, 1999; Agehara, Warncke, 2005). It 
was shown that more CO2 was produced in fertilized soils 
compared to the non-fertilized. It was also shown that dry 
soils after a subsequent increase of soil moisture (after rain) 
release more CO2 than soils that have never been too dry 

and that more productive soils release less CO2 as compared 
to less productive soils (Lee, Six, King, Van Kessel, Rolston, 
2006; Pascual, Hernandez, Garcia, Ayusot, 1998). As a result 
of the projected increase in atmospheric CO2 concentration, 
the interest of the environmentalists is rising in reducing CO2 
emissions from soils and increasing soil carbon (C) reserves 
(Gregorich, Greek, Anderson, Liang, 1998). As is mentioned 
above, most of the carbon released to the atmosphere is 
originated through agricultural activities. A large portion 
of global soil respiration is created by agricultural land 
utilization (Chen et al., 2010; Zahra et al., 2016). There are 
three sources of soil respiration. These are soil organic 
matter, dead vegetation residue, and organisms living in 
the soil. The activities of these sources change throughout 
the year (Atarashi-Andoh, Koarashi, Ishizuka, Hirai, 2012) 
and generally depend on the soil moisture and temperature 
(Xu, Luo, 2012). Microbial activity is also affected by soil 
moisture and soil temperature (Kim, Vargas, Bond-Lamberty, 
Turetsky, 2012). Strong relationships between soil moisture 
and temperature and soil CO2 respiration rates have been 
identified (Rey et al., 2011; Sugihara, Funakawa, Kılasara, 
Kosak, 2012; Forrester, Mladenoff, Gower, Stoffe, 2012). One 
of the possible and at the same time innovative solutions 
to decrease soil CO2 emission (increase SOC content) can 
be the application of biochar to the soil. Many published 
results suggest that biochar can play a significant role in 
reducing GHG emissions from upland agricultural soils 
(Rondon, Ramirez, Lehmann, 2005; Renner, 2007; Yanai, 
Toyota, Okazaki, 2007), reducing pesticide and nutrient 
leaching loss (Hua, Wu, Liu, McBride, Chen, 2009; Wang, Lin, 
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Hou, Richardson, Gan, 2010; Zhang, Lin, Wang, Gan, 2010). 
According to Woolf, Amonette, Street-Perrott, Lehmann, 
Joseph (2010), biochar application can mitigate up to 12% 
of the current annual anthropogenic CO2-C equivalent 
emissions. Shindo (1991) in his study reported that the 
total CO2 flux from a soil amended with biochar from fire 
burning was similar to that without biochar after 280 days 
of incubation, indicating that biochar decomposed very 
slowly. When applied to soil, biochar has the characteristics 
of higher stability against decomposition (Liang et al., 2006). 
However, some studies have also shown that biochar is not 
always a promoter of greenhouse gas emissions. Ge et al. 
(2019) found that low biochar content had a positive effect 
on reducing total CO2 emissions and promoting soil organic 
carbon sequestration.

The objective of this study was to evaluate, whether 
biochar applied in 2014 is still able to reduce daily CO2 and 
cumulative CO2 emissions from the soil in 2018 (4 years after 
its application). In this study we also evaluated the effect of 
selected soil physical properties (soil temperature and soil 
water content) on CO2 emissions. Specific objectives of the 
study were to focus on looking for answers to the following 
questions:
1. is biochar able to decrease CO2 emission after four years 

of its application?
2. does soil temperature and soil water content have any 

effect on CO2 fluxes?

The obtained results could be used by farmers or 
environmentalists. However only in the case that more 
research is conducted on different soil types at different 
agro-ecosystems beyond one year before this practice is 
fully recommended to farmers.

Experimental site and climatic conditions
The field experiment was established in 2014 at the Malanta 
experimental site – Nitra Region (Slovakia) (48˚ 19’ N; 18˚ 
9’  W). The soil at the experimental site was classified as the 
silt loam Haplic Luvisol and a silty loam texture (content of 
sand 15.2%, silt 59.9% and clay 24.9%). It belongs to the 
temperate zone, with an average annual air temperature 
of 9.8 °C and average annual rainfall of 539 mm 
(30-year climatic normal, 1961–1990). Monthly average air 
temperatures and precipitations in 2018 as compared to the 
climatic normal are shown in Table 1. The gas samples (soil 
CO2 emissions) collection study was conducted during the 
growing season (April – October) of 2018 with the annual 
precipitation being 367.4 mm and temperature 11.4 °C, 
respectively. The daily average air temperature varied from 
approximately -8.6 °C in February to approximately 27.6 °C 
in July. The experimental site was compared to the climatic 
normal 1960–1991. 

Experiment design
The experiment consisted of two doses of biochar application 
(10 and 20 t.ha-1) applied in 2014 combined with three 
fertilization levels (N0, N1, N2) (Table 2). Altogether, the field 
experiment included 9  treatments in three replicates. The 
experimental design consisted of a completely randomized 
block design with an area of 4 × 6 m for each plot (27 plots) 
with wide protective strips of 0.5 m between the plots 
(Figure 1). In 2018, for other experimental purposes, the 
original plots were divided into two parts (two subplots 
with dimensions 4 × 3 m (27 former plots + 18 application 
subplots). Biochar was again re-applied by hand in April 
2018 at rates of 0, 10 and 20 t.ha-1 before the spring barley 
(Hordeum vulgare L. – variety of Malz) was sown (plots “B“). 
In our study we used results measured during the growing 

Material and methods

Table 1 Monthly average air temperature (°C) and precipitation (%) in 2018 as compared to the climatic normal (CN) 1960–
1991

Month Average air temperature Precipitation

average (°C) deviation of normal (°C) description total (mm) % of normal description

January 2.4 4.1 very warm 30.6 98.7 normal

February -0.7 -1.4 normal 27.8 86.9 normal

March 3.4 -1.6 cold 38.1 12.7 wet

April 15.4 5.0 extremely warm 12.2 31.3 very dry

May 18.8 3.7 extremely warm 14.6 25.2 very dry

June 20.7 2.7 very warm 97.5 147.7 wet

July 21.7 1.9 warm 12.9 24.8 extremely dry

August 22.5 3.2 extremely warm 3.0 4.9 extremely dry

September 16.4 0.8 normal 57.2 143.0 wet

October 12.3 1.9 warm 14.4 40.0 very wet

November 5.7 1.2 normal 23.8 43.3 very wet

December -1.5 -1.6 cold 57.6 144.0 wet
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season from April to the first part of October in 2018, only 
plots “A” where the biochar was applied only once in 2014 
(four years after its application). The treatments are shown 
in the following Table 2.

The biochar used in our study was produced by 
pyrolyzing paper fiber sludge and grain husks (in a 1  :  1 
per weight ration) at 550 °C for 30 min in a Pyreg reactor 
(Pyreg GmbH, Dörth, Germany). The chemical and 
physical parameters of the applied biochar are in Table 3. 
Nitrogen (LAD 27) fertilizer was applied at rates of 0, 40 
and 80  kg.N.ha-1 (in their acronym “N0, N1 and N2”). The 
plots were harvested when the spring barley ripened in late 
July. 

Gas sampling and Measurements 
CO2 emissions were measured using the closed chamber 
technique in every plot. In each experimental plot, one 
chamber consisted of a base metal collar frame (inserted 
10 cm deep into the soil) and a removable top chamber 
was water-sealed onto bottom collars. The gas samples 
were collected by plastic gas – tight syringe (Hamilton) and 
transferred to pre-evacuated 12 mL glass vials (sealed with 
septum) (Labco Exetainer) at regular intervals of 0-, 30-, and 
60-min. Gas was sampled every two weeks. The samples 
were analyzed using a gas chromatograph (GC–2010 Plus 
Shimadzu) with thermal conductivity detector (TCD) for CO2 
concentrations. Cumulative emissions over the monitoring 
period were calculated by interpolating the emissions 

Figure 1 Schematic arrangement of the experimental field 

Table 2 Treatments of the field experiment with rates of biochar and nitrogen fertilizer

Treatments Biochar application in 2014 (t.ha-1) N fertilizer application in 2018 (kg.N.ha-1)

Unfertilized group (0 kg.N.ha-1)

B0N0 0 0

B10N0 10 0

B20N0 20 0

Fertilized group – N1 (40 kg.N.ha-1)

B0N1 0 40

B10N1 10 40

B20N1 20 40

Fertilized group – N2 (80 kg.N.ha-1)

B0N2 0 80

B10N2 10 80

B20N2 20 80

Table 3 Physical and chemical parameters of applied biochar (Sonnenerde Company, Riedlingsdorf, Austria)

pH (KCl) C 
(%)

N 
(%)

C : N Bulk density 
(g.cm-3)

Specific surface 
area (m2.g-1)

Ash 
(%)

8.8 53.1 1.4 37.9 0.21 21.7 38.3

Country: Slovakia
Experimental site:  Malanta
Location:	 latitude	48°	19’	00’’
	 	 longitude	18°	9’	00’’
Plot	size:	 4	×	6	m	(4	×	3	m)
Protection	row:	 0.5	min	width
Crop: spring barley
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As Table 4 (p. 112) shows, average 
soil CO2 emissions over the whole 
growing season from treatments with 
biochar (10 and 20 t.ha-1) without 
N-fertilizer were lower (insignificantly) 
when compared to the control 
treatment (B0N0). There was also found 
that average soil CO2 emissions were 
even lower with increasing application 
rate of biochar. Biochar involved a 
gradual reduction of CO2 emission, 
which may be ascribed to the sorption 
of labile C  onto the surface or into 
the pores of biochar (Lehmann et al., 
2011). Our results are in line with the 
study of Spokas and Reicosky (2009), 
which found that biochar produced at 

the temperature of 400–500 °C could 
inhibit soil CO2 emission. 

Opposite was found in biochar 
treatments combined with lower lever 
of N-fertilizer (B10N1 and B20N1) 
where the average soil CO2 emissions 
were higher compared to the control 
treatment (B0N1). The same was 
found in B10N2 and B20N2 treatments 
where the average CO2 emissions were 
compared to the control treatment 
(B0N2). No significant difference 
(P  <0.05) was found between biochar 
with N-fertilizer and the individual 
control treatments. Such results agree 
with the results reported by Yufang, 
Lixia, Hongyan, Shanchao, Shinging 
(2017) who found that the application 

Results and discussion

Figure 2 CO2 flux emissions (kg.ha-1.day-1) of soil amendment with or without 
biochar and N-fertilizer
Error bars indicate standard errors of the means (n = 3)
S – sowing (9.4.2018); N – application of nitrogen 0, 40 and 80 kg.ha-1 (7. 5. 2018); 
H – harvesting (25. 7. 2018); D – disking (13. 9. 2018)

between each sampling day and are 
reported in t.ha-1. Before measuring 
CO2 emissions in laboratory, gas 
chromatograph was calibrated using 
three standard gas mixtures (N2O, 
CO2 and N2). At each gas sampling 
occasion, disturbed soil samples 
from the depth of 0–0.1 m were also 
collected to determine soil water 
content (gravimetric method) and 
the soil temperature was measured at 
the depth of 0.05 m (Volcraft DET3R 
thermometer).

Statistical analysis
The means and standard errors were 
calculated for the parameters. A one-
way analysis of variance (ANOVA) was 
used to evaluate the effects of different 
biochar application rates on the 
measured parameter. And differences 
between the treatment means were 
compared using least significant 
difference testing (LSD). Further, 
regression analyses to determine the 
interrelationships between the CO2 
emission and selected soil physical 
properties (soil temperature and soil 
water content) were used. 

Soil CO2 emissions 
The Figure 2 shows the daily CO2 
emission from the soil which increased 
towards the summer months with 
increasing temperature and then 
decreased with decreasing temperature 
towards October in all treatment (with 
or without biochar combined with or 
without N-fertilizer). There was also 
found that during the growing season, 
CO2 flux also irregularly increased 
and decreased. The concentration 
of CO2 emission started to rise after 
N-fertilization addition, probably due 
to the stimulation of microbial activity 
(El-Naggar et al., 2015) or dissociation 
of carbonates (Bruun et al., 2011). The 
Figure 2 also shows that both biochar 
treatments without N-fertilizer (B10N0 
and B20N0) had the strongest reducing 
effect on CO2 emission during the 
summer months compared to the 
control treatment (B0N2). This strong 
reducing potential of biochar during 
summer was also found in one fertilized 
treatment B10N2 compared to B0N2. 
However, this effect disappeared after 
the end of July.



113

Acta Horticulturae et Regiotecturae – Special Issue/2021 Tatijana Kotuš, Ján Horák

of biochar combined with N-fertilizer 
increased CO2 emissions. 

The Figure 3 shows the cumulative 
CO2 emission. Additions of both 
application rates of biochar without 
N-fertilizer (B10N0 and B20N0) to 
the soil decreased cumulative CO2 
emissions by 17% and 25% for B10N0 
and B20N0, respectively, as compared 
to the control treatment B0N0. 
However, no significant difference 
(p <0.05) was found between 
biochar treatments and the control 
treatment. On the other hand, all 
biochar treatments combined with 
both fertilization levels increased 
(insignificantly) the cumulative CO2 
emission compared to its individual 
control treatments. Biochar treatments 
B10N1 and B20N1 increased CO2 
cumulative emissions by 4% and 6%, 
respectively as compared to the control 
treatment B0N1. Similarly, treatment 
B10N2 also increased cumulative CO2 
emissions by 24% compared to the 
control treatment (B0N2). However, 
there was one exception where 
treatment B20N2 had lower cumulative 
CO2 emissions by 19% compared to the 
control treatment (B0N2).

Relations between soil CO2 
emissions and selected soil 

physical properties (temperature 
of soil and soil water content)

Table 5 shows relations between soil 
CO2 emissions and soil temperature 
and soil water content (SWC). 
Generally, our study showed that the 
temperature was the most important 
factor influencing soil CO2 emission. 
Significant correlation was observed 
between soil CO2 emission and soil 
temperature in all biochar treatments 
with or without fertilizer (0; 40; 80 
kg.N.ha-1) except the treatment B0N2, 
where significant correlation was not 
observed. Exploring the relationships 
between CO2 emission and soil 
temperature, we found significant 
effects of temperature in treatments 
B0N0, B0N1, B10N1, B20N1 and B10N2 
(r = 0.56–0.62; P <0.05) and treatments 
B10N0 and B20N0 (r = 0.62–0.63; 
P  <0.01). The most pronounced 
effect between temperature and 
CO2 emission was found in the 
treatment B20N2 (r  =  0.68; P  <0.001). 
The significant relationship between 
CO2 emission and soil temperature is 
well known (Follett, 1997; Parkin and 

Figure 3 Cumulative CO2 flux emissions (t CO2 – N.ha-1) of soil amendment with 
or without biochar and N-fertilizer



114

Acta Horticulturae et Regiotecturae – Special Issue/2021Tatijana Kotuš, Ján Horák 

Kaspar, 2003). Our results are also in line with the study of 
Case, McNamara, Reay, Whitaker (2012); Shen, Zhu, Cheng, 
Yue, Li (2017), and Horák et al. (2020). On the other hand, 
the correlation between soil CO2 emissions and soil water 
content was not significant (P  >0.05) and showed weak 
relationship in all treatments. A significant correlation 
(p <0.05) between the CO2 flux and soil temperature could 
lead to the easy conclusion that only the soil temperature 
was a controlling factor in all studied treatments, which 
probably was not our case. It was probably a synergy effect 
where an increase in soil water content due to precipitation 
events together with high soil temperature were associated 
with the highest CO2 emissions and smaller CO2 fluxes.

Conclusion
In this study we examined the carbon dioxide (CO2) emissions 
from a silt loam Haplic Luvisol soil due to biochar application. 

After four years of biochar addition to the soil, biochar had 
a statistically insignificant effect on CO2 emissions with 
and without N-fertilizer. Positive effect of biochar on CO2 
reduction was found when the biochar was not combined 
with N-fertilizer (B10N0 and B20N0) with decrease by 17% 
and 25% for B10N0 and B20N0, respectively, as compared to 
the control treatment B0N0. There was one exception when 
the higher level of biochar (20 t.ha-1) was combined with 
higher level of N-fertilizer which showed the potential to 
reduce CO2 emission as well. Opposite was found in all other 
treatments where the biochar combined with N-fertilizer 
increased the cumulative CO2 emissions. According to 
these results it can be concluded that the biochar applied 
to soil is not able to reduce CO2 emission after four years of 
its application when it is combined with usual agriculture 
practices which include N-fertilization. Generally, our study 
showed that the temperature was the most important 

Table 4 Effect of biochar treatments on soil CO2 emission (means ± standard error; n = 3) over the growing season (≥10 °C) 
in 2018 (April – October)

Treatments Average CO2 emission (kg.ha-1.day-1) Cumulative CO2 emission (t.ha-1)

Not fertilized group (0 kg.N.ha-1)

B0N0 154.88 ±1.68 a 15.40 ±0.04 a

B10N0 126.70 ±0.76 a 12.75 ±0.02 a

B20N0 113.21 ±2.23 a 11.30 ±0.04 a

Fertilized group – N1 (40 kg.N.ha-1)

B0N1 138.02 ±1.85 a 12.47 ±0.03 a

B10N1 149.68 ±1.73 a 13.02 ±0.03 a

B20N1 145.34 ±2.90 a 13.18 ±0.05 a

Fertilized group – N2 (80 kg.N.ha-1)

B0N2 141.41 ±4.16 a 13.79 ±0.03 a

B10N2 181.36 ±3.14 a 17.09 ±0.04 a

B20N2 147.96 ±2.60 a 11.16 ±0.05 a

Table 5 Pearson correlation coefficient between soil CO2 emission and selected physical soil properties (tp and SWC) for 
different treatments

Treatments Soil temperature – tp (°C) Soil water content – SWC (% mass)

Unfertilized group (0 kg.N.ha-1)

B0N0 0.62 * 0.05

B10N0 0.62 ** 0.06

B20N0 0.63 ** 0.29

Fertilized group – N1 (40 kg.N.ha-1)

B0N1 0.56 * 0.0002

B10N1 0.58 * 0.32

B20N1 0.57 * 0.22

Fertilized group – N2 (80 kg.N.ha-1)

B0N2  0.03 0.18

B10N2 0.58 * 0.09

B20N2  0.68 *** 0.17

* P <0.05; ** P <0.01; *** P <0.001
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factor influencing soil CO2 emission in all studied treatments 
although soil water content did not have an effect on CO2 
emission from the soil. A significant correlation (p <0.05) 
between the CO2 flux and soil temperature could lead to 
the easy conclusion that only the soil temperature was a 
controlling factor in all studied treatments, which probably 
was not our case. It was probably a synergy effect where 
increase in soil water content due to precipitation events 
together with high soil temperature were associated with 
the highest CO2 emissions and smaller CO2 fluxes. Based 
on our results we cannot suggest to farmers using biochar 
for reduction of CO2, because results of our study in 2018 
showed that it works only when it is not combined with 
N-fertilizer. Using N-fertilizer is a common practice of 
farmers and they would not grow the crops without adding 
fertilizers to decrease the CO2 emissions from the soil.
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