
Introduction

One of the reasons for the lack of progress in 
increasing food production to feed a growing human 
population is continuous degradation of soil resources 
in the 21st century. The production function of arable 

soils thus clearly plays a critical role in the future of 
humankind [1]. The concept of soil quality, an important 
but elusive concept still waiting for a clear definition, is 
a useful indicator of the capacity of the soil to support 
crop growth and thus food production. Soil quality has 
received substantial attention in scientific literature and 
is often used as a diagnostic tool for monitoring and to 
inform management of agricultural soils. Agricultural 
land in 2016 covered about 4.9 billion ha worldwide, 
corresponding to 37.6% of the total world land area 
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Abstract

Recently, biochar has been the focus of increasing research attention. Reflecting this trend, a field 
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[2]. Overall, about 1.035 mil ha of world soils is 
degraded due to anthropogenic impacts [3]: industry, 
urbanization, deforestation, agriculture and overgrazing 
contribute 1%, 7%, 30%, 28% and 34% of total soil 
degradation by human activity, respectively.

Agriculture, as one of the chief drivers of land 
use change and deforestation, has clearly had a major 
impact on terrestrial biosphere. Continuing with 
past trends may fundamentally threaten and possibly 
jeopardize the future of food production. The human 
population has grown 10 times over the past 300 years 
to reach 7 billion, and UN estimates indicate that it 
could reach 9 billion by 2050 [4]. Globally, there was 
0.5 ha of arable land per capita in 1950, now we have to 
make do with 0.2 ha, and this area is further predicted 
to decrease to only 0.14 ha and even 0.1 ha in 2050 
and 2100, respectively [5]. Currently, 6.350 m2 of soil 
is lost globally every second, the two trends of arable 
land loss and human population rise conspire to create 
a significant challenge for agriculture. For example, 
annual loss of agricultural land is estimated to be  
430 km2 in Germany, 130 km2 in the Netherlands, 
120 km2 in Austria, 30 km2 in Switzerland and 
between 30 to 50 km2 in Slovakia [6]. Conversion of 
land to agriculture appears to have run its course in 
the ‘developed’ world – in fact the area of agricultural 
land is decreasing, but ‘developing’ countries are still 
characterized by a relatively high rate of land use 
change to agriculture [7]. Forecasts by the FAO [2] 
confirm that land-based food will remain the main 
source of nutrition for the human population on Earth in 
the third millennium. To reach effective and sustainable 
soil management, we need to set up correct priorities 
in evaluating soil properties, understand the causes 
of decreasing or low soil fertility and establish the 
strategies for soil fertility improvements. In the future, 
a movement toward sustainable use of agricultural soils 
is an approach that should allow for the stabilization and 
potential increase in fertility and productive capacity 
of soils. Alongside developing new technologies, such 
as precision agriculture, GMO crops, robotics, etc., 
an inspiration can also be found in the application of 
traditional methods of soil fertility improvement to 
modern agriculture. History shows a number of useful 
examples where people attempted to improve soil 
properties by the application of charred wood [8-11]. 
The best-known example from scientific literature is the 
creation of the anthropogenic Chernozems, also called 
Terra Preta de Índio, by the Amazon Indians more 
than 8000 years ago [12]. These soils resulted from a 
substantial accumulation of organic waste materials 
such as kitchen leftovers, excrement and waste biomass, 
along with the remains of non-burned wood. These 
were further decomposed [13] and resulted in soils 
with surprisingly high fertility. The Terra Preta de 
Índio phenomenon has become the main inspiration of 
many scientists during the last two decades or so, with 
the main focus of their research on the role of biochar 
in the amelioration of soil properties and the question 

of whether the effect observed in Amazonia can be 
replicated in other areas of the world. A number of 
studies have shown that biochar as a soil additive has 
the potential to mitigate climate change by increasing 
soil organic carbon content and improving soil quality 
[14, 15]. Numerous studies representing a diverse range 
of soil-climatic conditions have indicated a positive 
effect of biochar on soil chemistry [16] and its capacity 
for nutrient supply to crops [17-20], improving biological 
soil properties [21] and physical soil properties [22-24]. 
It has also been shown that biochar increases crop yields 
[22, 25, 26], reduces greenhouse gas emissions (GHGs) 
and increases carbon storage in soils [27]. However, 
negative and no effects on soil characteristics and crop 
yields were also recorded [28], highlighting the need 
for further studies looking at the effects of biochar in a 
diversity of soil types and cropping systems.

Description of the Biochar Experiment 
in Slovakia

In Slovakia, little research looking into the effects 
of biochar on crop production and soil functioning was 
taking place before the early 2000s. In 2012, a research 
team was set up at the Slovak University of Agriculture 
in Nitra (SUA) with the aim of elucidating the potential 
of biochar as an ameliorant being able to improve the 
sustainability and productivity of agriculture. Over 
time, collaboration with other domestic institutions 
(Slovak Academy of Sciences – SAS) and foreign 
institutions such as the Warsaw University of Life 
Sciences (Poland), Nicolaus Copernicus University 
(Poland), Agrophysical Research Institute (Russia), 
Agroscope (Switzerland), University of Reading 
(United Kingdom), and the Czech University of Life 
Sciences (Czech Republic) has developed and increased 
the scientific effort devoted to this project. In 2014, a 
field experiment was established at the research base 
of SUA (in locality Malanta near Nitra city, Slovakia). 
The local soil type, Haplic Luvisol, represents about 
11% (265.4 thousand ha) of total agricultural land 
in Slovakia [6], and approx. 500-600 mil. ha [29], 
worldwide. This experiment thus stands a reasonable 
chance of generating outputs with wide applicability 
to agricultural practice. The detailed description of 
the SUA experimental site (soil-climatic conditions) 
can be found in the scientific monograph by Tobiašová 
and Šimanský [30]. The structure and design of the 
experiment is shown in Fig. 1. Reduced soil cultivation 
practices were applied during the entire duration of the 
experiment. The area was sown with spring barley in 
2014, corn in 2015, spring wheat in 2016, corn in 2017 
and finally spring barley in 2018.

Published Outputs from the Biochar Experiment 
in Slovakia

A range of findings from this experiment, some 
of which are of interim nature as the experiment is 
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still ongoing, has been published in domestic and 
international scientific journals and presented at 
domestic and international scientific events. Our results 
to date clearly confirm the positive effect of biochar 
application on soil organic content (SOC) shortly after 
application [31-34], which was still detectable 3 years 
into the experiment [35, 36]. The most beneficial effect 
on SOC was found after the application of 20 t ha-1 of 
biochar. The increase in SOC was also found in the soil 
of the plots where biochar was applied in combination 
with N fertilizer, but the nitrogen application rate 
was found to limit C accumulation in the soil [32, 
33]. Significant differences in labile C content were 
observed in fractions of water-stable aggregates as 
a result of biochar application [36-38]. The highest 
biochar and fertilizer application rates significantly 
increased total C content in water-stable aggregates 

throughout the duration of the experiment [36, 38].  
In addition to the standard soil organic matter 
parameters, the focus has also been on the calculation 
of C indexes that more precisely reflect changes in 
soil organic matter composition resulting from land 
management changes (e.g., after biochar application) 
[33]. Quantitative and qualitative indices describing 
humus content generally reflected the trends found 
in the C content of the soil. Concentration of humic 
substances and the intensity of the humification 
processes decreased significantly under higher biochar 
and fertilizer application rates [35].

Biochar is often shown to be an effective tool for 
greenhouse gas emissions mitigation from soils [39, 
40]. In our experiment, we used not only the classic 
combination of biochar and fertilizer, but also biochar 
enriched with compost and mineral N (EBC, purchased 

Fig. 1. Location of the site a) and a schematic layout of the experiment b).

Application 2014 2014 2015 2016 2017 2018

Treatment code Biochar dose (t  ha-1) N fertilizer dose (kg ha-1)

B0N0 0 0 0 0 0 0

B0N1 0 40 160 100 160 40

B0N2 0 80 240 150 240 80

B10N0 10 0 0 0 0 0

B20N0 20 0 0 0 0 0

B10N1 10 40 160 100 160 40

B20N2 20 80 240 150 240 80

Treatment code Enriched biochar dose 
(t ha-1) N fertilizer dose (kg ha-1)

EB10 N0 10 0 0 0 0 0

EB20 N0 20 0 0 0 0 0

EB10N1 10 40 160 100 160 40

EB20N1 20 40 160 100 160 40

EB10N2 10 80 240 150 240 80

EB20N2 20 80 240 150 240 80

a)                                                                                         b)
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as a ready-to-use product). Biochar was sprayed with 
10% ammonium sulfate and when cold mixed with 
organic material for compost in the ratio of 50:50% 
v/v, and co-composted prior to application. The results 
showed that the application of biochar alone at two 
rates (10 and 20 t ha-1) and in combination with the 
lower nitrogen rate (40 kg N ha-1) significantly reduced 
CO2 emissions from the soil. At the same time, the 
combination of the lower rate of biochar (10 t ha-1) 
with the higher rate of N (80 kg N ha-1) increased these 
emissions. Likewise, enriched biochar (EBC), whether 
applied alone or with N-fertilizer, significantly increased 
CO2 production (p < 0.01). These results indicate that 
biochar not combined with compost and nitrogen 
appears to be an effective tool for reducing CO2 flux 
into the atmosphere and for soil C retention. Conversely, 
the application of enriched biochar is not effective 
in terms of limiting CO2 emissions as a significant 
greenhouse gas [41]. N2O emissions were also measured 
in this field experiment to assess overall greenhouse 
gas emissions as affected by biochar application. 
Significantly lower N2O emission peaks were recorded 
from soils with biochar application compared to those 
without biochar, resulting in lower cumulative N2O 
emissions from biochar-amended soils during the first 
year of the experiment. Total cumulative N2O emissions 
(taken between March and November 2014) from  
the soil with biochar with or without N-fertilizer  
were 19-32% lower than those from the soil without 
biochar [42]. The results confirm that biochar application 
has the potential to reduce N2O emissions from 
the soil.

Soil organic matter is in close relation with soil 
structure, as the soil particles are often held together 
by organic binding substances. It was shown that 
biochar improved soil aggregation (clod formation) and 
structure stability (elimination of clod disintegration). 
The content of water-stable macro-aggregates has 
increased the most in the soil with 20 t ha-1 of biochar 
and the higher rate of N, which also resulted in higher 
aggregate stability and better ability of the soil to 
withstand crusting [32, 33, 36, 38]. Improved soil 
structure stability has contributed to the improvement 
of other physical and hydro-physical soil properties and 
resulted in decreased soil bulk density, increased soil 
water content and higher soil water retention capacity 
[34, 43, 44]. 

Biochar is a soil ameliorant that significantly 
increases pH value of acidic soils [45, 46]. Increased 
content of SOC as a result of biochar application 
is also likely to contribute to an improvement in 
the soil sorption indicators [34, 46, 47]. The soil 
sorption complex became fully saturated after biochar 
application, and it was shown that soil sorption is 
mainly affected by the biochar application rate (the 
higher the biochar rate, the higher the soil sorption) and 
the combination with N fertilization. A lower rate of 
N-fertilizer combined with a lower dose of biochar as 
well as a higher rate of N with a higher dose of biochar 

resulted in positive effects on sorption characteristics 
[48, 49]. The effect of biochar application on soil pH, as 
well as on the soil sorption capacity, in our experiment 
was the highest shortly after biochar application and 
has receded with the progress of the experiment. 
Total nutrient content of the soil (except for Ca) and 
their available forms (except K and Zn) have not been 
significantly altered by biochar application. A higher 
dose of biochar has resulted in a significant reduction 
in total and available Mn and Ni contents in the soil. 
For this reason, if biochar is to be applied to a soil 
where nutrient deficiency is an issue, attention must be 
paid to nutrient availability and its reaction to biochar 
application [48, 49].

One of the more interesting effects of biochar 
application to arable soils is that on crop production 
and yield. A positive effect of biochar application at 
the rate of 10 t ha-1 was observed on the amount of 
aboveground biomass, the number of ears, the number 
of grains, the number of ears per plant and the final 
yield of spring barley in the first year of experiment. 
Combining biochar with higher N fertilizer rate also 
had a positive effect on the evaluated crop parameters. 
On the other hand, the negative effect on the crop 
parameters was observed at the higher biochar rate, 
as well as at the combination of the lower biochar rate 
with the lower rate of N [50]. Likely, there is a strong 
interaction between a multitude of factors such as the 
exact combination of biochar with fertilizer, crop type, 
soil properties, application rate, time elapsed from 
biochar application, environmental conditions, etc., 
regulating the reaction of crop plants and their yields to 
soil amendment application. Factorial experiments are 
therefore one of the most effective ways of elucidating 
these relationships and interpreting in detail the impact 
of biochar on the particular crop. Early results from 
this experiment observed in 2014 could be indicative of  
a rapid change in soil properties, the highest barley 
yields were obtained in plots with pH of about 5.65 
[42]. During the growing season a conventional digital 
camera was used as a non-destructive non-contact 
method of crop emergence monitoring and crop growth 
development [51]. Depending on the crop, photographs 
were taken above the canopy at various developmental 
stages – from the beginning of emergence to grain 
maturity. The vegetation index was then determined as 
a ratio of the green pixels (plant mass) representation 
to all pixels in the photograph [52]. Based on the 
vegetation indices evaluation, the combination of 
biochar with lower rate of N fertilizer appeared to 
be the most stimulating for early crop development. 
In 2015, biochar exerted a strong influence on the 
canopy development and light capture by the crop [53], 
subsequent years, however, saw a decreasing influence 
of ameliorant on the development of crop biomass 
during the growing season (spring wheat in 2016, maize 
in 2017; [54, 55]). In 2016 in particular, N fertilization 
had a slightly greater impact on biomass accumulation 
than biochar application. The green index method 
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appears to be particularly suitable for crop emergence 
monitoring, rather than for the final crop biomass and 
yield prediction.

Conclusions

It is clear that the research activities in the realm of 
biochar application are progressing and starting to offer 
a good picture of mechanisms and effects. The findings 
from the field experiment in Malanta (Slovakia) are a 
valuable contribution to this dataset. Results of this 
experiment help to fill knowledge gaps in this area 
of biochar application to arable soils, the greatest 
contribution stems from the fact that the experiment is 
still ongoing. The findings confirm the fact that biochar 
produced by organic waste pyrolysis (not containing 
harmful and hazardous substances) contributes to soil 
fertility and supports sustainable soil management. 
Considering plant nutrition, it is important to pay 
increased attention to the application of other nutrients 
to soils where biochar has been added to satisfy nutrient 
requirements of individual crops. This requires more 
time to provide recommendation developed from 
longer-term observations of nutritional status in plants 
in relation to the release of nutrients from biochar into 
the soil.

One of the key unresolved issues inherent to 
biochar application is its economic viability – does 
the benefit of biochar to crop production outweigh 
the cost of its production? We show that the effects of 
biochar are limited and decrease in time, and future 
research should address its subsequent re-application to  
the soil in various combinations with fertilizers and 
application rates. Agricultural practice is actively 
looking for this type of information. Knowledge of 
optimum biochar application rates and its economic 
viability in different soil-climatic conditions becomes 
very important as farmers begin to understand the 
limits of intensive crop production. We believe that 
the outputs from this project will contribute to the 
knowledge base not only in Slovakia but will also be of 
global relevance.
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