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MICROBIAL COMMUNITY CHANGES IN TNT SPIKED SOIL BIOREMEDIATION
TRIAL USING BIOSTIMULATION, PHYTOREMEDIATION AND
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Abstract. Trinitrotoluene (TNT), a commonly used explosive for military and industrial applications, can cause

serious environmental pollution. 28-day laboratory pot experiment was carried out applying bioaugmentation using

laboratory selected bacterial strains as inoculum, biostimulation with molasses and cabbage leaf extract, and

phytoremediation using rye and blue fenugreek to study the effect of these treatments on TNT removal and changes

in soil microbial community responsible for contaminant degradation. Chemical analyses revealed significant

decreases in TNT concentrations, including reduction of some of the TNT to its amino derivates during the 28-day

tests. The combination of bioaugmentation-biostimulation approach coupled with rye cultivation had the most

profound effect on TNT degradation. Although plants enhanced the total microbial community abundance, blue

fenugreek cultivation did not significantly affect the TNT degradation rate. The results from molecular analyses

suggested the survival and elevation of the introduced bacterial strains throughout the experiment.

Keywords: TNT, bioaugmentation, biostimulation, phytoremediation, microbial community.

Reference to this paper should be made as follows: Nõlvak, H.; Truu, J.; Limane, B.; Truu, M.; Cepurnieks, G.;
Bartkevičs, V.; Juhanson, J.; Muter, O. 2013. Microbial community changes in TNT spiked soil bioremediation trial
using biostimulation, phytoremediation and bioaugmentation, Journal of Environmental Engineering and Landscape
Management 21(3): 153�162. http://dx.doi.org/10.3846/16486897.2012.721784

Introduction

The nitroaromatic explosive, 2,4,6-trinitrotoluene (TNT),

has been extensively used for over 100 years, and this

persistent toxic organic compound has resulted in soil

contamination and environmental problems at many

former explosives and ammunition plants, as well as

military areas (Stenuit, Agathos 2010). TNT has been

reported to have mutagenic and carcinogenic potential

in studies with several organisms, including bacteria

(Lachance et al. 1999), which has led environmental

agencies to declare a high priority for its removal from

soils (van Dillewijn et al. 2007).

Both bacteria and fungi have been shown to

possess the capacity to degrade TNT (Kalderis et al.

2011). Bacteria may degrade TNT under aerobic or

anaerobic conditions directly (TNT is source of carbon

and/or nitrogen) or via co-metabolism where addi-

tional substrates are needed (Rylott et al. 2011). Fungi

degrade TNT via the actions of nonspecific extracel-

lular enzymes and for production of these enzymes

growth substrates (cellulose, lignin) are needed. Con-

trary to bioremediation technologies using bacteria or

bioaugmentation, fungal bioremediation requires

an ex situ approach instead of in situ treatment (i.e.

soil is excavated, homogenised and supplemented

with nutrients) (Baldrian 2008). This limits applicabil-

ity of bioremediation of TNT by fungi in situ at a field

scale.
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abstract. A representativeness survey of existing European Biochar field experiments within the Biochar COST Ac-
tion TD1107 was conducted to gather key information for setting up future experiments and collaborations, and to 
minimise duplication of efforts amongst European researchers. Woody feedstock biochar, applied without organic 
or inorganic fertiliser appears over-represented compared to other categories, especially considering the availability 
of crop residues, manures, and other organic waste streams and the efforts towards achieving a zero waste economy. 
Fertile arable soils were also over-represented while shallow unfertile soils were under-represented. Many of the lat-
ter are likely in agroforestry or forest plantation land use. The most studied theme was crop production. However, 
other themes that can provide evidence of mechanisms, as well as potential undesired side-effects, were relatively well 
represented. Biochar use for soil contamination remediation was the least represented theme; further work is needed 
to identify which specific contaminants, or mixtures of contaminants, have the potential for remediation by different 
biochars.
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Introduction

Biochar is the solid product of heating biomass in the 
absence of, or with limited access to, oxygen – a process 
called pyrolysis (Lehmann, Joseph 2015) with the primary 
goal of soil amendment. The objective of biochar use is to 
abate the enhanced greenhouse effect by sequestering C 
in soils, while concurrently improving soil quality (Gla-
ser et al. 2002; Lehmann 2007). Biochar is more recalci-
trant than the original material: carbon from biochar is 
estimated to persist in soils for hundreds of years, while 
non-pyrolysed biomass carbon turns over in the range of 
decades (Gurwick et al. 2013; Wang et al. 2015). Together 
with carbon sequestration, biochar is intended to improve 
soil properties, such as water and nutrient retention as 
well as improved soil structure and drainage (Glaser et al. 
2002; Jeffery et al. 2011; Abrol et al. 2016). 

Current biochar research is fragmented, unnecessar-
ily repeated, and new scientific evidence is often not con-
nected or implemented due to the lack of interaction and 
knowledge exchange. European scholars decided to con-
solidate biochar research and technology across Europe. 
For this purpose, a pan-European Cooperation in Science 
and Technology (COST) project was launched in 2012: 
“Biochar as option for sustainable resource management” 
(TD1107). The main focus of this project was to establish 
a European Biochar Research Network to formulate syn-
ergies and reduce redundancies. This COST Action con-
nected scattered European biochar research to facilitate 
implementation of sustainable material flow management 
systems according to the Circular Economy principle. In 
essence, the goal of biochar application is to maintain or 
improve soil quality while efficiently sequestering carbon 
in the long-term. Innovative biochar strategies can help 
the EU mitigate greenhouse gases, while industries and 
farmers benefit from new markets, opportunities and im-
proving poor soils. Therefore, this project aimed to bring 
together researchers, stakeholders and potential users 
from EU and partner countries.

Biochar addition to soil has been shown to affect soil 
properties and functions in several ways. Key soil chemical 
and physical characteristics such as pH, CEC, structure, 
field capacity, and surface albedo are affected by the pres-
ence of biochar with consequences for nutrient cycling, 
plant growth and soil fauna activity (Ameloot et al. 2013; 
Glaser et al. 2002; Lehmann, Joseph 2015; Verheijen et al. 
2010, 2013). In order to attempt a successful assessment 
of the current level of scientific understanding (LOSU) of 
biochar’s effect on soil properties and functions, working 
groups 2 and 4 proposed the development of crosscut-
ting thematic groups (TGs) within the Biochar COST Ac-
tion. As a rationale for the individual TGs, the EU list of 
threats to soil (i.e. erosion, decline in SOM, compaction, 
decline in soil biodiversity, salinization, contamination; 

Eckelmann et al. 2006) was combined with the main soil 
functions and services (i.e. habitat, production and regu-
lation) and with the main scientific disciplines involved 
(i.e. physical, chemical and biological). Six TGs (Suppl. 
Table 1) where thus created and voluntarily filled with ex-
perts from within the COST Action and additionally in-
cluded invited experts when needed.

Growing interest and research in biochar applications 
to soils have increased steadily in the last 10 years (Ver-
heijen et al. 2014; Lehmann, Joseph 2015). The number of 
publications of experimental studies investigating biochar 
application to soil and subsequent effects have increased 
almost exponentially since 2009, from 53 between 2005 
and 2009 to more than 1,800 publications from 2010 to 
present, with almost a third of these being carried out by 
EU28 scientists (SCOPUS search for the terms “biochar” 
and “soil”). These include systems level (field) and reduc-
tionist (pot/lab) studies, and the growth of these over last 
10 years has trebled. 

Development of effective sustainable policy requires 
a sufficient Level of Scientific Understanding, or LOSU. 
When the LOSU can be considered sufficient is much dis-
cussed (Tammeorg et al. 2017; this issue), although it is 
generally agreed that a mechanistic understanding is re-
quired in addition to a systems level understanding of ef-
fects. For either, the LOSU needs to comprehensively cov-
er the dependent variable (e.g. biochar characteristics), as 
well as the independent variables (i.e. soils, climates, land 
use and land management; Verheijen et al. 2012, 2015). 
The first step in developing the LOSU for biochar is to de-
termine how representative the knowledge base is regard-
ing production and environmental application.

The aim of this representativeness survey was to pro-
vide a snapshot of the current field trial locations in the 
EU, the associated analyses that were carried out (soils, 
crops, climates, and biochars). A representativeness survey 
can be used to identify the spread of existing experiments 
that can cover various important factors: i) biochars; 
ii)  geographical locations; iii) environmental properties 
(soil, climate, crop, terrain); and iv) land use/land man-
agement combinations. In this way, it is possible to find 
out if effects are studied in all combinations of the main 
factors (comprehensive representation), and more inten-
sively in more common combinations of variables (pro-
portional representation). This information can then be 
used to direct further research to fill missing knowledge 
gaps. To the best of our knowledge, the current represen-
tativeness survey on biochar effects in the environment is 
unique for an EU wide context. 

The objective of the work described in this paper was 
i) to determine how comprehensive the current experi-
mental sites are in terms of feedstock, geography, environ-
mental variables, land use & land management variables, 
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and ii) to suggest recommendations to harmonise the cur-
rent field experiments to increase representativeness.

1. Methods and materials

1.1. Biochar cosT action 

The characteristics of COST Actions are new, innovative 
and often interdisciplinary scientific networks, which 
contribute to the scientific, economic, cultural and so-
cietal development of Europe. Networking is supported 
by meetings, conferences, short-term scientific missions 
(STSM), and training schools. A COST Action is based 
on a Memorandum of Understanding (MoU) accepted by 
the Governments of at least 5 COST member countries. 
COST is organised in nine broad Domains, which are 
specified at http://www.cost.eu.

Since the COST Action “Biochar as option for sus-
tainable resource management” (Fig. 1) could be related 
to the two domains 1) Earth System Science and Environ-
mental Management and 2) Food and Agriculture, finally 
it was considered as a Trans-Domain COST Action, which 
offers researchers fertile ground for future networks across 
many science and technology disciplines.

When the COST Action TD1107 was approved in 
December 2011, there were seven participating countries 
(Austria, Germany, Israel, Latvia, Spain, Switzerland, and 
the United Kingdom). Belgium and Finland intended to 
participate at that time. During the first meeting the Man-
agement Committee consisting of up to two representa-
tives from 18 countries, which had accepted the MoU in 
the meantime, came together in Brussels on 26th March 
2012. That was the beginning of the period of validity 
of this COST Action. Year by year, new countries from 
Europe and associated countries joined the Action. Dur-
ing the final period (August 2015), in total 29 countries 

were participating the COST Action TD1107 (Suppl. 
Table 2). The COST Action was organised into four Work-
ing Groups, whose leaders formed the Steering Commit-
tee together with the chair, the vice-chair, and the STSM 
manager (Suppl. Table 3).

1.2. Biochar experiment survey 

The initial survey consisted of an Excel spreadsheet where 
participants were asked to provide information in five 
main areas, i.e. A – General (4 questions); B – Field data 
(before biochar addition; 49 questions); C – Biochar prop-
erties (35 questions); D – Indication of measured effect 
(31 questions); and E – Publications (2 questions). Units 
were specified in a separate column where appropriate. 
Drop-down menus were used where possible to stan-
dardise responses. A “free text” column was inserted to 
allow comments from the participants.

To improve convenience for submission of surveys, 
an online web form was set up in October 2014. Using 
the Drupal Web form module, a web form was designed 
covering the questions from the Excel spreadsheet. In con-
trast to the Excel spreadsheet, some questions were split 
into two or organized in different main areas. In total, the 
web form consisted of 10 (A-General), 50 (B-Field data), 
34 (C-Biochar properties), 32 (D-Indication of measured 
effect), and 1 (E-Publications) questions. It was operated 
from the European Biochar Research Network (EBRN) 
server and the URL to the web form was distributed 
among COST members via e-mail and through the Inter-
net app Basecamp. In February 2015, all online submis-
sions were exported to Excel and merged with the initial 
Excel spreadsheets. Draft submissions from the web form 
and duplicate submissions were removed from the data 
set. In total, 67 submissions were collected and used for 
further data analysis. During data collection, some data 
loss occurred, e.g. two field studies from Finland were lost 
from the final database. The database refers to studies that 
were active sometime during the period 2013–2015. In-
formation on the continuation of field site monitoring is 
not available. 

1.3. spatial representation of soil, climate and land use 
of the Eu28

The extent of current soil cover, climatic region and land 
use distribution in the EU28 were assessed using a set of 
spatial databases. The European Soil Database (ESDB 2.0 
2004) was used to describe the spatial occurrence of soil 
units. Because of the high complexity of the soil classi-
fication units within the database, the soil grouping was 
simplified into 10 groups based on the main character of 
soil development (Table 1). Arenosols and Regosols were 
grouped into “non-developed soils” and Chernozems, 
Phaeozems, Kastanozems and Vertisols into “mollic soils”. 

Fig. 1. Organization of EU COST Action TD1107: Biochar as 
option for sustainable resource management. For more details 
see the website of the European Biochar Research Network: 
http://cost.european-biochar.org
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Soil units with a spatial proportion less than 1% were 
omitted. The climatic region characterisation was based 
on the updated Köppen climatic map (Peel et al. 2007) us-
ing 2nd level of Köppen classification. In total, five classi-
fication units were recognized within the EU28 (Table 1). 
For land use, the CORINE classification system with the 
first classification level was used (EEA 2016). In total, six 
classes with a spatial extent higher than 1% were recog-
nised (Table 1).  

2. results 

2.1. Inventory of main biochar characteristics and 
application strategies

Table 2 provides an overview of the feedstock types and 
production temperatures of the biochars used in the field 
experiments. The majority (64%) used lignocellulosic 
feedstock, 30% used herbaceous feedstock, and 7% used 
a biosolid feedstock. Of the field sites, 75% used biochar 
produced between 450 and 649 °C, while 13% used low-
er temperature (<450 °C), and 11% higher temperatures 
(>649 °C). Lignocellulosic (i.e. woody) feedstock produced 

between 450–649 °C was by far the most common 
combination (46%); twice as common as herbaceous feed-
stock produced at 450–649 °C (23%), with the remaining 
combinations representing 11% or less of the total.

Figure 2 shows that the production technologies 
were split between slow pyrolysis (400–750 °C) and re-
tort kiln (350–550 °C) on the one hand (48%) and fast 
pyrolysis (400–620 °C) and gasification (1200 °C) on 
the other (43%). Ninety-six percent of the biochars had 
an ash content below 50%. The majority of the biochars 
had a pH between 8.1 and 10.0, and nearly a quarter of 
the biochars were highly alkaline (pH > 10.0). Most of 
the field sites used biochar with a relatively low CEC 
(<20 cmol + /kg), with an equal split (18%) between the 
20–60 and >60 (cmol+/kg) categories.

The majority of field sites incorporated (mixed) bio-
char into the topsoil, although 28% applied biochar in a 
minimum tillage soil management system, e.g. disking, 
thereby only semi-incorporating the biochar into the 
soil (Fig. 3). This was reflected in the biochar application 
depth, where 0–10 cm was used most frequently (41%) 

Table 1. Classes of climate, soil type, and land use that were selected for the representativeness analysis. For soils and climates, % 
indicates the proportion of the EU28 agricultural area. For land use, % indicates the proportion of the EU28 land area

Climate Soil Land use
Code % Code % Code %

Cold, without dry season Df 51 Cambisols CM 30 Forests 31 35
Temperate, without dry 
season Cf 29 Podzols PZ 20 Arable land-non irrigated 21 30

Temperate, dry summer Cs 12 Luvisols LV 16 Scrub and/or herbaceous 
vegetation 32 11

Arid steppe BS 5 Leptosols LP 9 Heterogeneous 
agricultural areas 24 10

Polar E 2 Non-developed soils ND 5 Pastures 23 9
Other – 03 Fluvisols FL 5 Permanent crops 22 3

Mollic soils MO 5 Other – 2
Histosols HS 5
Gleysoils GL 3
Albeluvisols AB 2
Other – 1

Table 2. Feedstock type and production temperature overview. Lignocellulosic includes woody materials. Herbaceous includes 
crop residue, green waste and silage. Biosolids include manures, sewage, and liquid organic waste. Carbonisation T refers to the 
maximum temperature reached during the carbonisation (pyrolysis) process. 61 out of 67 studies reported feedstock and production 
temperature data

Feedstock type Lignocellulosic  Herbaceous  Biosolids 

Production T (°C) <450 450–649 >649 <450 450–649 >649 <450 450–649 >649

Number of field sites 7 28 4 1 14 3 0 4 0

Feedstock type (%) 18 72 10 6 78 17 0 100 0

Total proportion of sites (%) 11 46 7 2 23 5 0 7 0
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compared to 0–20 (34%) and 0–30 (25%). The resulting 
biochar concentration in the soil was roughly equally split 
between <1% and ≥1% (w/w), although it should be noted 
that only 25% of the field sites in the database had this 
variable reported. Most field sites (77%) used pure biochar 
with only 19% using treated biochar, i.e. enriched with nu-
trients (fertiliser) or by co-addition with compost or in-
oculated with microorganisms. The experimental design 
of 84% of the field sites was either fully randomised or 
random block, and 66% used field plots between 10 and 
100 m2 with 12% using plots <1m2 and 3% using plots 
>100 m2 (data not shown). 

Fig. 3.   Overview of biochar application strategies in Europe (Feb. 2015): application strategy (top left, n = 66); biochar treatment 
(top right, n = 66); biochar concentration in soil (bottom left; n = 17); application depth (bottom right, n = 66)

Fig. 2.   Overview of biochar production technologies and main biochar properties in Europe (Feb. 2015): Production technology 
(top left, n = 67); biochar CEC (top right, n = 11); biochar pH (bottom left, n = 62); biochar ash content (bottom right, n = 47)

2.2. Geographical and climatic representativeness 

Table 3 shows the number of biochar field sites in the Bio-
char COST Action countries. Slovakia has both the great-
est total number of field sites (12) as well as the most field 
sites per 100,000 km2 (24.9). Belgium is second with 5 field 
sites (16.5/100,000 km2), followed by a group of countries 
with 4–6 sites /100,000 km2, namely: The Netherlands, 
Estonia, and the UK. A third group of five countries has 
1.5–3 sites /100,000 km2, and a fourth group has fewer 
than 1.5 sites /100,000 km2.

Figure 4 shows how the representation of experimen-
tal sites within EU28 agricultural area climatic regions 
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(Table 1) by Biochar COST Action field sites. The arid 
steppe and polar climate categories are not represented 
at all, mainly due to limited amounts of agriculture being 
undertaken in these areas. The temperate climate without 
dry season and cold climate without dry summer are the 
most represented. Temperate climate with dry summer is 
strongly over-represented.

2.3. land use representativeness

Figure 5 shows how well the main land use types (Table 1) 
are represented by the Biochar COST Action field sites. 
Heterogeneous agricultural areas, scrub and herbaceous 
vegetation, and open spaces with little or no vegetation 
are not represented at all. Forests are strongly, and pas-
tures moderately, under-represented. Permanent crops 
are strongly, and arable land (irrigated and non-irrigated) 
moderately, over-represented.

2.4. soil representativeness 

Figure 6 shows how the main soil types of the EU28 agri-
cultural land area (Table 1) are represented by the COST 
Action field sites. Leptosols, Non-developed soils, and 
Histosols are not represented at all. Mollisols, Fluvisols, 
and Podzols are strongly under-represented. Luvisols and 
Albeluvisols are strongly over-represented. Cambisols and 
Gleysols are the best represented soil types.

Fig. 4. Climatic representativeness of the COST action field 
sites vs. the EU28 agricultural area. 100% means that the 
proportion of field sites is the same as the proportion in the 
EU28 agricultural area. A representation value >100% indicates 
over-representation, and a value <100% indicates under-
representation (Feb. 2015)

Fig. 6. Representation of soil types in the EU 28 and in biochar 
field trials. See Table 1 for the meaning of the soil codes. 
100% means that the proportion of field sites is the same 
as the proportion of the agricultural area for the EU28. A 
representation value >100% indicates over-representation, and 
a value <100% indicates under-representation (Feb. 2015)

Fig. 5. Land use representativeness of the COST action field 
sites vs. the EU28 agricultural area. 100% means that the 
proportion of field sites is the same as the proportion of the 
agricultural area for the EU28. A representation value >100% 
indicates over-representation, and a value <100% indicates 
under-representation (Feb. 2015) 

Table 3.  Distribution of biochar field sites by countries in the 
COST Action. Countries are arranged by the number of field 
sites per 100,000 km2 land area (not including water bodies). 
Countries without field sites are not listed (Feb. 2015)

Country Total Number 
of field sites

Number of field sites per 
100,000 km2 land area

Slovakia 12 24.9
Belgium 5 16.5
Netherlands 2 5.9
Estonia 2 4.7
United Kingdom 11 4.5
Italy 8 2.7
Austria 2 2.4
Denmark 1 2.4
Poland 7 2.2
Spain 9 1.8
Portugal 1 1.1
Finland 3 0.9
Germany 2 0.6
Norway 1 0.3
France 2 0.3
Russia 1 0.0
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2.5. Thematic group representativeness

Figure 7 shows the number of Biochar COST Action 
field sites that monitored variables related to the thematic 
groups at the time the survey was conducted (Table 1). 
The investigation of agronomic impacts of biochar appli-
cation to soil appears to be the main objective of biochar 
field experimentation, as indicated by the greatest number 
of field sites that monitor variables within the Nutrient 
cycling + Crop production theme. This is likely a con-
sequence of the initial claims surrounding the beneficial 
impact of biochar application to soil on crop yields – this 
claim being one of the main initial drivers for the biochar 
paradigm.

Approximately half the number of field sites that in-
vestigated yield effects, aimed to elucidate the mechanisms 
underlying biochar interactions with soil through investi-
gating the impacts on soil physical properties. A similar 
number of studies also investigated the impacts on and 
interactions with soil biodiversity, including monitoring of 
ecotoxicological effects. Effects on soil organic matter and 
greenhouse gases were investigated at 25 sites. Contamina-
tion and remediation was the least investigated theme at 
our field sites with <10 field sites investigating biochar’s 
potential in these areas.

Two to three themes are most commonly monitored 
at a Biochar COST Action field site (Table 1 and Suppl. 
Fig. 1). Roughly half as many field sites monitor four 
themes, while the extremes – just one theme or five to all 
six themes – are monitored by very few field sites.

3. discussion

To build the knowledge base required to determine wheth-
er the implementation of biochar systems can be sustain-
able, it is imperative to achieve two types of representa-
tion: i) comprehensive representation, and ii) proportional 
representation. Comprehensive representation means 
that all options are explored, i.e. all potential biochars 
in all potential soils, climates, and agricultural systems, 
within pragmatic constraints. This is important regard-
less of whether the biochar-amended soil was improved 
for a specific purpose, or not. Potential undesired side-
effects need to be explored for all options to inform the 

specification and regulation of biochar systems to achieve 
sustainability. Proportional representation means that land 
that is more likely to receive biochar, should receive more 
research attention. Soils that cover a greater proportion of 
agricultural land, and soils that can be improved more for 
a specific function, are more likely to be used for biochar 
amendments.

Biochar representativeness: production, properties, and 
application strategy 

Production technologies influence biochar properties, 
especially biochar carbon content, O/C and H/Corg ra-
tios (Spokas et al. 2014; Lehmann, Joseph 2015; Schim-
melpfennig, Glaser 2012), carbon stability and persistence 
(Peng et al. 2011; Lehmann et al. 2015), ash content (Deal 
et  al. 2012; Lehmann, Joseph 2015), biochar pH, pore 
space and potential for microbial enrichment (Lehmann, 
Joseph 2015; Wang et al. 2016). This is largely due to the 
transformative effect of the charring temperature and rate 
of heating (fast vs slow pyrolysis) on the nature of the car-
bon forms present; aliphatic-C decreases and aromaticity 
increases as the charring temperature increases, resulting 
in lower O/C and H/Corg ratios indicative of increased C 
stability and predicted persistence (Keiluweit et al. 2010; 
Peng et al. 2011; Brewer et al. 2012; Lehmann et al. 2015). 
Each production technology can be defined by tempera-
ture, rate of heating, etc., but the properties of the resulting 
biochar and its effect on crop productivity or soil quality is 
also highly dependent on the feedstock (Jeffery et al. 2011; 
Hansen et al. 2015). These technologies can only be rigor-
ously compared for the same biomass feedstock (Brewer 
et al. 2012; Deal et al. 2012; Hansen et al. 2015). For our 
field sites, the most commonly employed production tech-
nology was fast pyrolysis (39%), followed by slow pyrolysis 
(25%) and retort kiln (23%). This is a lower proportion 
of slow pyrolysis than other studies reported, e.g. 21 out 
of 24 trials in a meta-analysis of biochar-induced prim-
ing effects used slow pyrolysis (Wang et  al. 2015), with 
three studies using biochar from fast pyrolysis produc-
tion. The greater proportion of fast pyrolysis may reflect 
the growing interest to use biochar derived from biomass 
energy conversion installations in Europe. For the same 
feedstock, fast pyrolysis produces biochar with higher par-
ticle density and more volatiles than slow pyrolysis and 
gasification (Brewer et al. 2012; Lehmann, Joseph 2015). 
However, the heat transfer and kinetics of fast pyrolysis 
has the potential to result in unconverted biomass, which 
may be more susceptible to microbial degradation (Kuzya-
kov et al. 2009; Zimmerman 2010) resulting in lower C 
sequestration potential (Kuzyakov et al. 2009; Bruun et al. 
2011). Increasing the temperature in fast pyrolysis systems 
can reduce the amount of unconverted biomass (Bruun 
et al. 2011; Lehmann, Joseph 2015). Gasification is usually 

Fig. 7. Number of field sites that monitor variables related to 
the COST Action thematic groups (see Table 1)
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carried out at higher temperatures (>700 ºC) but is not 
considered to be an efficient producer of biochars per unit 
mass of feedstock. However, these are usually large-scale 
units with high overall production coupled with high 
energy output, and produce biochars with high stability 
and persistence suitable for carbon sequestration (Hansen 
et al. 2015). 

Historic biochar systems applied biochar in combi-
nation with nutrient-rich organic waste materials such as 
sewage, compost, or manure (e.g. Glaser et al. 2001). In 
modern farming systems, the distance between organic 
matter source and application sites is much greater than 
in historical systems, commonly resulting in a negative 
cost-benefit perception and organic fertilisers not reach-
ing the soils that need it most. This appears to be reflected 
in the majority of our field sites (77%) receiving only pure 
biochar. Considering that there is growing evidence of 
pure biochar reducing the availability of N present in the 
soil (Bruun et al. 2012; Tammeorg et al. 2012), a greater 
proportion of field sites using nutrient-enriched biochar 
would be appropriate, also considering that this may not 
involve transportation costs of relatively dense fresh or-
ganic fertilisers. To avoid un-intended surface run-off and 
erosional losses of biochar from the soil surface, incorpo-
ration of biochar substrates in the soil is required and the 
majority of our field sites did incorporate the biochar to 
some degree (96%). However, there is no scientific con-
sensus on the optimum incorporation depth. From an ag-
ronomic perspective, as much as possible of the biochar 
should be located in the rooting zone when that biochar 
has been produced to maximise agronomic effects. How-
ever, rooting zones differ substantially for arable crops and 
even more for permanent crops, while deeper application 
also implies greater cost. The near equal 3-way split be-
tween the application depth categories (Fig. 3) seems ap-
propriate considering the variation in rooting depths. The 
sizes of the field plots were similar as reported by Zhang 
et al. (2016), i.e. most commonly between 10–100 m2. The 
low proportion of larger experimental plots, particularly 
at the whole field or management unit (e.g. strip of field) 
scale (<3% of our field plots were >100 m2), indicates that 
the upscaling to scales relevant for biochar systems and 
on-farm economics still needs to be developed.

Environmental representativeness: climate, land use  
and soils

The representativeness in relation to climatic zones is, to a 
large extent, linked to the importance of these zones in ag-
ricultural production. This explains the representativeness 
of the temperate climate as well as the need for additional 
covering of colder climates (Scandinavia, Baltic coun-
tries and Poland) and arid steppes in southern Europe. 
The complete lack of field-scale research in polar areas, 

on the other hand, probably does not need to be covered 
by extensive field experiments considering the negligible 
importance of these zones in agricultural production. 
The same can be concluded regarding land use. Similar to 
recently reported results of a worldwide study by Zhang 
et al. (2016), arable land use was well represented whereas 
pastures, grasslands, and forests need more research. The 
reason for such a spread is probably the higher economi-
cal return that is expected per tonne of added (rather ex-
pensive) biochar from arable crops than from pastures/
forests. For the same reason, biochar use may well become 
widespread first as a growing medium constituent in high-
value crops (see Kern et al. 2017, this issue) than as a field-
scale soil amendment material. 

Three soil types were not represented at all: Lepto-
sols, non-developed soils, and Histosols, which together 
cover 19% of the EU28 agricultural area. This was sur-
prising considering that all three are prime candidates to 
potentially benefit from biochar amendment. Histosols 
are often low in pH and biochar’s liming effect could im-
prove nutrient availability to plants. Leptosols and non-
developed soils are shallow soils with often low organic 
matter contents and biochar addition could improve soil 
depth as well as the CEC and water holding capacity. A 
possible explanation for the absence of Leptosols in our 
field sites may be that few Leptosols are in arable land use, 
with most in agroforestry, tree crop production or grass-
land. However, biochar may provide one component to 
“upgrade” some Leptosols to grow arable crops sustainably 
and in an economically viable way. Alternatively, biochar 
may be used to improve growing conditions for young 
trees in these soils. A meta-analysis of biochar and tree 
species showed a 41% increase in biomass in response to 
biochar globally (Thomas, Gale 2015) compared to a ca. 
10% increase in arable crop yields globally (Jeffery et al. 
2011; Liu et al. 2013). In our field sites, fertile arable soils 
that probably already produce yields close to the maxi-
mum potential, such as Luvisols and Albeluviols, are over-
represented even after considering their proportion of the 
EU28 agricultural area. From our analysis, we recommend 
a shift in focus from biochar field experiments on fertile 
soils to less fertile soils.

Thematic representativeness

Similar to Zhang et al. (2016), we found a very high pro-
portion of field sites that monitor variables related to crop 
production. That soil physical properties and soil biodi-
versity, including ecotoxicology, are so well represented 
by field studies is testament to the growing recognition 
of the range of ecosystem services provided by soils be-
yond the normal crop yield function. Biochar has the po-
tential to interact with many of these ecosystem services, 
in both positive and negative ways, and as such, a range 
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of field trials are required to investigate the likely conse-
quences of biochar application to soil on these services. 
One such ecosystem service provided by soil that biochar 
has been shown to interact with, is the climate change 
mitigation potential of soils. Biochar can interact with 
this service most obviously by increasing the amount of 
C stored in soils, thereby potentially ameliorating atmo-
spheric concentrations of CO2. Further to this, biochar 
has been shown to interact with the three most impor-
tant GHGs in a variety of ways (Cayuela et  al. 2014; 
Sagrilo et al. 2015; Jeffery et al. 2016), as well as to po-
tentially (positively or negatively) prime SOM turnover. 
With just under 30 field trials aiming to investigate the 
interactions between soil application of biochar and 
GHG fluxes from soils, and about 24 studies investigat-
ing interactions between biochar and SOM, it appears 
that these thematic areas are quite well represented. 
The least represented group in terms of field experiments 
is “Contamination and Remediation”. This is likely a con-
sequence of the remediation potential of biochar being 
one of the later recognised potential benefits of biochar. 
Owing to the wide range of soil contaminants in contami-
nated sites across Europe, this group is likely to be under-
representing the real world situation. With <10 field sites, 
and each of those potentially investigating the interactions 
with the same types of contaminant, it appears likely that 
there are numerous contaminated sites within Europe that 
are not currently represented by field trials from this the-
matic group. However, further information is required on 
the contaminants currently under investigation to be able 
to better estimate how representative the current field sites 
are, and to identify which common soil contaminants are 
currently under-represented by biochar research in Europe. 
Our findings corroborate Zhang et  al. (2016), who re-
ported that of European field experiments with biochar, 
the majority are dealing with crop and plant production, 
followed by GHG mitigation and pollutant remediation. 
They did not distinguish the topics further, as we did (soil 
physical properties, SOM and soil biodiversity). The same 
prioritizing was reported throughout the world and it was 
considerably more pronounced in South America and 
Africa (Zhang et al. 2016), probably because of the more 
pressing issues of food security in these regions than in 
Europe.

Limitations

The database utilized for the representativeness analysis 
includes both published and unpublished data from bio-
char field studies. The advantage of including unpublished 
studies is that it allows for a more complete view of the 
current studies performed and therefore of the soil type, 
climate and variable investigated. On the other hand, we 
need to consider the possibility of overestimating the 

current representativeness as some of the studies may not 
be published and therefore information may not become 
available for better policy development. Another limita-
tion of the current survey is that it is based on a voluntary 
participation. Great effort was put into the collection of as 
many field site experiments as possible, since within the 
Biochar COST Action network the survey was considered 
a priority. However, it must be considered that our effort 
is unlikely to have gathered every field site in Europe, 
and also more field sites may have started since the cut-
off date (February, 2015). Another limitation is that land 
use change may not have been adequately captured, for 
example, if a particular field inserted into the database in 
2013 subsequently had crop rotations or different land use, 
such changes may not have been updated to the database. 
This was the case with two long-term field experiments in 
Finland (Tammeorg et al. 2014a, 2014b).

This representativeness survey provides an overview 
of locations where field sites are located, relevant soil 
types, crops options, types of biochar (ranging from feed-
stock and carbonisation technologies) and their mode of 
incorporation and effect of biochar on measured param-
eters. However, the main messages in terms of effects of 
biochar observed in this representativeness survey needs 
to be considered within this context and cannot be gen-
eralised. Sakrabani et al. (2017, this issue) compared the 
field studies presented here with observed biochar effects 
in controlled, small scale conditions (such as pots, incuba-
tion and lysimeter studies) to provide some insight into 
generic mechanisms. 

conclusions

This study describes the ongoing biochar field experiments 
in Europe, gathered from the recently concluded biochar 
COST Action (TD1107), and identifies their representa-
tiveness regarding biochar production and properties, 
environmental variables, and thematic topics monitored. 
The submitted field experiments representatively cover the 
different biochar production technologies and application 
strategies (e.g. depth) reported within a European context. 

Experiments utilising woody feedstock applied with-
out organic or inorganic fertiliser are over-represented, 
especially considering the availability of crop residues, 
manures, and other organic waste streams and the ef-
forts to move towards a zero waste economy. While the 
main climatic zones and arable land use were well rep-
resented, grasslands and forests need more research. This 
observation was supported by soil type representativeness, 
which showed over-representation of fertile arable soils vs. 
under-representation of shallow unfertile soils, many of 
which are likely in agroforestry or forest plantation land 
use. Thematically, the most studied theme was crop pro-
duction. However, other themes that can provide evidence 
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of mechanisms, as well as potential undesired side-effects, 
were relatively well represented. Soil contamination and 
remediation was the least represented theme, and further 
work is needed to identify which specific contaminants, 
or mixtures of contaminants, need more research atten-
tion. We also propose that in order to communicate the 
strengths and drawbacks of the biochar practice to local 
stakeholders (especially farmers), it would be advisable 
to have at least one long-term biochar field experiment in 
each European country (currently only half of the EU28 
countries were represented).
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