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Abstract Biochars are new, carbon-rich materials that could
sequester carbon in soils improve soil properties and agronomic
performance, inspired by investigations of Terra Preta in Ama-
zonia. However, recent studies showed contrasting performance
of biochar. In most studies, only pure biochar was used in
tropical environments. Actually, there is little knowledge on the
performance of biochar in combination with fertilizers under
temperate climate. Therefore, we conducted an experiment under
field conditions on a sandy Cambisol near Gorleben in Northern
Germany. Ten different treatments were established in 72-m2

plots and fivefold field replicates. Treatments included mineral
fertilizer, biogas digestate, microbially inoculated biogas
digestate and compost either alone or in combination with 1 to
40 Mg ha−1 of biochar. Soil samples were taken after fertilizer
application and maize harvest. Our results show that the biochar
addition of 1 Mg ha−1 to mineral fertilizer increased maize yield
by 20 %, and biochar addition to biogas digestate increased
maize yield by 30 % in comparison to the corresponding fertil-
izers without biochar. The addition of 10 Mg ha−1 biochar to
compost increased maize yield by 26 % compared to pure
compost. The addition of 40Mg ha−1 biochar to biogas digestate
increased maize yield by 42 % but reduced maize yield by 50 %
when biogas digestate was fermented together with biochar.

Biochar-fertilizer combinations increased K, Mg and Zn
and reduced Na, Cu, Ni and Cd uptake into maize. Overall,
our findings demonstrate that biochar-fertilizer combinations
have a better performance than pure fertilizers, in terms of
yield and plant nutrition. Therefore, an immediate substitu-
tion of mineral fertilizers is possible to close regional nutrient
cycles.

Keywords Water holding capacity . Plant nutrition .Mineral
fertilizer . Biogas digestate . Compost . Effective
microorganisms . Central Europe .Microbial inoculation .

Temperate climate conditions . Biochar organic fertilizer
interaction

1 Introduction

Large areas of Northern Germany were influenced by Quaternary
glaciations descending from Scandinavia, leading to extensive
glacial outwash plains and leaving behind soils characterized by
a sandy texture with low nutrient and soil organic matter contents
and with low nutrient and water holding capacities. Agriculture in
Northern Germany is limited by low soil fertility and is prone to
extreme weather events such as heavy rain and extended drought
periods. Current climate conditions in many parts of the northern
German inland yield low precipitation (<600 mm). According to
climate predictions for theWendland region (Northern Germany),
the temperature will increase by 1.1 °C until 2050 and by 2.9 °C
until 2100. Precipitation will be subject to strong seasonal fluctu-
ationswith an increase of 30–40% inwinter and a decrease of 40–
50 % during the growing season (Lavalle et al. 2009).

In recent years, carbon-rich biomass carbonization products,
also known as biochar, have become increasingly the subject of
scientific and public interest. It is claimed that biochar can
improve soil properties and agronomic performance, inspired
by investigations of Terra Preta in Amazonia (Glaser and Birk
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2012). Several studies showed that the biochar application to
soil can influence soil properties, e.g. water holding capacity,
pH or microbial activity (Atkinson et al. 2010; Glaser et al.
2002). Further studies observed enhanced nutrient uptake by
plants after biochar application (Lehmann et al. 2003). In
contrast, some authors reported no significant effects of biochar
on soil properties, plant nutrition or biomass production after
biochar application under field conditions (Major et al. 2010).
Until now, most biochar studies were performed with pure
biochar under laboratory or greenhouse conditions or under
tropical environments (Jeffrey et al. 2011). Biochar studies
under field conditions often show contrasting results to those
conducted in the laboratory (Liu et al. 2013). In addition,
variation due to heterogeneous site conditions is much higher
but, of course, is more realistic. Therefore, experiments under
field conditions with agronomically relevant fertilizer types and
amounts better reflect realistic conditions with respect to re-
sponse of agricultural ecosystems differing in soil properties,
weather conditions and agricultural processing methods.

In this study, we conducted a field experiment to quantify the
effects of biochar on soil and plant properties when combined
with agronomically relevant inorganic and organic fertilizers
(Fig. 1). To be as realistic as possible, we collected organic
feedstock to produce organic fertilizers on the farm and selected
the plots for the field trial as big as possible (Fig. 1). We chose
maize in the first year of the field experiment for two reasons: it is
(i) a nutrient-demanding plant and (ii) an economically important

plant, especially used for biogas production. Commercial min-
eral fertilizer was used as a control and biogas digestate and
compost from regional resources were used in quantities to
achieve a plant-available N level of 200 kg N ha−1 (Fig. 1).
Biochar was used in two different amounts according to the
following considerations. On a different sandy soil in north-
eastern Germany, plant growth increased with an increase in
the amount of biochar (Liu et al. 2012), and the highest biochar
amount was 20 Mg ha−1. Therefore, we chose 40 Mg ha−1 to
find out if the positive results of Liu et al. (2012) can further be
improved. However, considering the current market value of
biochar of about 500 € per ton and the production capacity of a
PYREG reactor of about 400 Mg biochar per year, a repeated
annual application of low biochar amount might be economi-
cally feasible for agricultural holdings. Applying e.g. 1 Mg ha−1

per year, a total area of about 400 ha could be treated with
biochar annually if one PYREG reactor is available.

2 Material and methods

2.1 Location

Established inMay 2012, the field trial is located near Gorleben
at 53° 01′ 09.26″ N and 11° 29′ 50.04″ E 19 m above sea level
in the Wendland region of Lower Saxony, Germany. Mean
annual precipitation is 575 mm, and mean annual temperature

Fertilizer N Biochar Indigeneous Treatment

[kg N ha
-1

] [Mg ha
-1

] microorganisms

Mineral 200 n.a. n.a. Mineral fertilizer

Mineral 200 1 n.a. Biochar 1 mineral fertilizer

Mineral 200 40 n.a. Biochar 40 mineral fertilizer

Maize digestate 200 n.a. n.a. Digestate

Maize digestate 200 1 n.a. Biochar 1 digestate

Maize digestate 200 40 n.a. Biochar 40 digestate

Maize digestate 200 n.a. yes Fermented digestate

Maize digestate 200 40 yes Biochar40 fermented digestate

Compost 200 n.a. n.a. Compost

Compost 200 10 n.a. Composted biochar

CA

B

Fig. 1 a Field experiment using a
Latin rectangle statistical design
with ten different treatments (1–
10) and five replicates (A–E).
Each treatment occurs only once
in each row and column, indicated
by circles around treatment 8. b
Overview of individual
treatments, n.a. not amended. c
Individual plots size is 6×12 m
with a total area of 72 m2. Total
size of the field trial is 3600 m2
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is 8.8 °C. Total precipitation was 231 mm and mean air tem-
perature 16.6 °C during our experiment from 30 May 2012 to
24 September 2012 (www.dwd.de).

2.2 Experimental design

The large-scale field trial was arranged according to a Latin
rectangle (Richter et al. 2009), which includes ten different
treatments (1–10) with five replicates (A–E) and so comprises
50 plots each 6 m×12m. Figure 1 illustrates schematically the
chosen structure and the assignment of treatments within the
Latin rectangle. Between the rows, corridors were left, which
enabled access to the individual plots without disturbing
neighbouring plots (Fig. 1a). These tracks were also used for
agricultural machines and irrigation systems (Fig. 1a). Each
plot is subdivided into a core plot, which is flanked by 2 m
margins to both ends in lateral direction and 2.5 m margins in
longitudinal direction. The core plots are 2×7 m in dimension
from which all samples were taken.

Commercially available mineral fertilizer, biogas digestate,
biogas digestate inoculated with indigenous microorganisms
extracted from adjacent forest soil and on-farm produced
compost made from regional resources were used as fertilizers
on a fixed N level of 200 kg ha−1 and mixed with different
amounts of biochar (Fig. 1b). A cultivator was used to incor-
porate the fertilizers into the top 15 cm soil depth.

Biochar was made from green cuttings, produced in a
PYREG™ reactor at ∼650 °C (Dörth, Germany, www.
pyreg.de). Detailed information about the PYREG™

technology and the used biochar is described in Wiedner
et al. (2013). Material properties of biochar were as follows:
pH 10.3, electrical conductivity 292 μS cm−1, ash content
23 %, total carbon content 66.7 %, total nitrogen content
3 %, total oxygen content 5.7 % and total hydrogen content
1.1 % (Wiedner et al. 2013).

Mineral fertilizer consisted of 16.15 kg potassium oxide
with magnesium oxide, 5.26 kg diammonium phosphate and
13.6 kg urea with 46 % N. Biochars 1 and 40 treatments
received 1 and 40Mg ha−1, respectively, on a dry matter basis.
For the biochar 1 mineral fertilizer treatment, the mineral
fertilizer was diluted in warm water and biochar was added
to soak up the liquid containing the fertilizer. For the biochar
40 mineral fertilizer treatment, biochar was mixed only with
the mineral fertilizer granules without water.

Biogas digestate from maize was provided by a commer-
cial biogas plant of the region (Biogas Gartow GmbH & Co.
KG, Gartow, Germany). For each corresponding treatment,
1368 L of pure digestate was distributed on the five replicate
plots, corresponding to 30 m3 per hectare, an amount typical
for the Wendland region. For biogas digestate mixed with 1
and 40 Mg ha−1 biochar, 1368 L of biogas digestate was
mixed with 48 and 1920 kg biochar with 75 % dry matter

content, respectively. These mixtures were distributed to the
five field replicates (72 m2 each).

To test whether microbial inoculation has additional bene-
ficial effects, we inoculated biogas digestate with indigenous
microorganisms extracted from adjacent forest soils. For this
purpose, 500 L of digestate was mixed with 100 L indigenous
microorganism stock solution, 15 L molasses, 15 L maize
silage and 60 L water. Two days later, 870 L digestate, 30 L
molasses, 30 L water and 1920 kg biochar (dry matter 75 %)
were added. The same mixture was also prepared without
biochar, and the two mixtures were spread to the five corre-
sponding field replicates with and without 40Mg ha−1 biochar
corresponding to 200 kg N ha−1.

Compost was produced at industrial scale, outdoor and
under practical field conditions with locally available re-
sources at full exposure to weather conditions near the field
experiment. Compost components were green cutting biochar
(0.7 Mg), straw (1.1 Mg), draff (5.3 Mg), horse manure
(1.1 Mg), maize silage (5.3 Mg), loam (5.3 Mg) and stone
powder (0.017 Mg). Within 45 days of composting, the com-
post pile was turned seven times. Biochar was mixed to half of
the fresh organic material prior to composting, corresponding
to 10 Mg ha−1 in the final mixture.

Kalvin silage maize (ID 12835) was sown directly after
fertilization at the end of May 2012 and was harvested at the
end of September 2012. No irrigation was given to crops during
the growing season. Appropriate combinations of herbicides
and fungicides were applied to control weeds and fungi.

2.3 Soil sampling and analysis

Soil samples were taken between 0 and 15 cm depth of the
core plots directly after fertilization and harvest. Electrical
conductivity and pH of soil samples and fertilizers were
measured using suspensions with 0.01 M CaCl2 and distilled
H2O at a soil to solution ratio of 1 to 5. After shaking the
suspensions for 1 h on a low-speed shaker and sedimentation
of solids for another hour at room temperature, pH and
electrical conductivity were determined in the supernatant.
Exchangeable cations were analysed according the method
of Trueby and Aldinger (1989) using 0.5 M NH4Cl for ex-
traction and inductively coupled plasma optical emission
spectroscopy for quantification. For plant-available phosphate
extraction, 2.5 g of soil was shakenwith 0.5MNaHCO3 at pH
8.5 for 30 min according to Olsen et al. (1954). The extracts
were analysed using a segmented flow analyser (San++ Skalar
Analytical). Total N contents of maize plants and soil were
measured using a Euro EA Elemental Analyser (EuroVector,
Hekatech, Germany). Mineral N (NH4

+ and NO3
−) was ex-

tracted from fresh soil samples with 1 M KCl and analysed
using a segmented flow analyser (San++ Skalar Analytical). To
evaluate the water holding capacity, 10 g of soil sample was
weighed into plastic cylinders with fine-mesh strain on the
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bottom and was placed in water. After 24 h, saturated samples
were drained until water release stopped and were weighed
again for calculation of water holding capacity.

2.4 Maize sampling and analysis

Before maize harvest, 32-m2 subplots within each plot were
marked and all maize plants were counted. After cutting and
weighing of the plants, ten maize plants were selected random-
ly, chaffed and weighed again. After homogenization, random
samples were taken and dried to a constant mass at a temper-
ature of 65 °C and were ground for further analysis. For multi-
element analysis of maize plants, 150-mg ground plant material
was weighed into 20-mLTeflon digestion tubes. Two millilitres
of concentrated nitric acid, 0.8 mL H2O2 and 2.5 mL high
purity water were added. Then, an automated microwave di-
gestion was carried out (MARS Xpress 5, CEM). Vessels were
heated at 180 °C for 20 min. After cooling, liquids were filtered
through ash-free filters into 10-mL volumetric flasks. Volumet-
ric flasks were filled up with high purity water. Diluted samples
were analysed using an inductively coupled plasma optical
emission spectrometer (ULTIMA 2, HORIBA Scientific
S.A.S., Jubin-Yvon, France).

2.5 Statistical analysis

Data were analysed using SPSS® Statistics 21 software (SPSS
Inc., Chicago, USA).We used two statistical procedures. First,
a linear mixed effects model was applied taking advantage of
the special design of our field experiment. Each treatment
occurs exactly one time in each row and in each column
(Fig. 1a) so that the column and the row could be used as
either fixed or random effects. However, it turned out that this
procedure did not reveal any advantage over simpler statistical
models. Therefore, we preferred using ANOVAwith Tukey’s
HSD as post hoc test. In all cases, level of significance was
p<0.05.

3 Results and discussion

3.1 Fertilizer effects on soil properties

Compost application revealed about 50 % higher water hold-
ing capacity compared to mineral fertilizer and biogas
digestate (Fig. 2a). This effect is well known (Fischer and
Glaser 2012; Liu et al. 2012; Shiralipour et al. 1992) and can
be explained by lowering bulk density and thus increasing soil
porosity. Such is especially useful for soils with low water
holding capacity, such as the sandy soils in the study region in
combination with high precipitation followed by longer
drought periods (Liu et al. 2012).

Mineral fertilizer had the lowest pH in comparison to
biogas digestate and compost (Table 1). Right after fertiliza-
tion inMay 2012, this effect was still obvious in soil (Table 1),
but after one vegetation period in September 2012, soil pH
was more or less homogeneous among all pure fertilizer
treatments (Table 1). This effect seems obvious as only a
low portion of fertilizer was applied to soil and so can be
explained by simple dilution. On the other hand, the soil-
acidifying effect of mineral fertilizer (ammonium) is well
known (Paul 2007).

Mineral fertilizer had the highest electrical conductivity in
comparison to biogas digestate and compost (Table 1). How-
ever, this effect was not visible after application to soil
(Table 1). After harvest in September 2012, compost-treated
soil showed the highest electrical conductivity (Table 1), ex-
plainable by a continuous mineralization of compost and thus
release of cationic and anionic nutrients contributing to soil
electrical conductivity. In the other treatments, highly soluble
nutrients contributing to electrical conductivity were probably
already leached or taken up by maize plants.

Plant-available nutrients such as K, Ca, Mg, Na and P
together with cation exchange capacity were significantly
higher in the compost-treated post-harvest soil followed by
biogas digestate, fermented biogas digestate and mineral fer-
tilizer (Table 1) in accordance with other studies (Duggan and
Wiles 1976; Mays et al. 1973; Weber et al. 2007). Walker and
Bernal (2008) reported that the compost treatment did not
significantly change soil electrical conductivity or soluble
Na, Ca or Mg concentrations. Only soluble K concentration
increased, due to a high K content of applied plant material.
The total nutrient content of compost is not plant-available
immediately after treatment, because of different binding
forms within the organic matrix, resulting in a temporal im-
mobilization of nutrients (Fischer and Glaser 2012). There-
fore, it is difficult to predict the long-term fertilization behav-
iour of composts which depend on feedstock materials and
composting process (Fischer and Glaser 2012). Hence, com-
post application prevents the environment from nutrient
leaching instead of increasing it as often argued.

Plant-available phosphorus in soil varied between 38 and
63 mg kg−1 right after fertilization (Table 1). Fermented bio-
gas digestate and compost revealed significantly higher
(p<0.05) plant-available phosphorus concentration compared
to mineral fertilizer and biogas digestate (Table 1). Plant-
available phosphorus concentration in soil after maize harvest
varied between 41 and 68 mg kg−1 being similar to values
right after fertilization (Table 1).

Total N concentration in soil was comparable for all treat-
ments (Table 1). Only compost-treated soil showed signifi-
cantly (p<0.05) higher total N concentration (Table 1). Right
after fertilization, plant-available mineral N consisted of less
than 50 % of ammonium and more than 50 % of nitrate being
highest in mineral fertilizer treatment followed by biogas
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digestate and compost (Fig. 2b) despite the fact that all
treatments were adjusted to equal mineral N content of
200 kg ha−1 (Table 1). The observed discrepancy be-
tween theoretical and measured plant-available N con-
centration (Fig. 2b) could be due to heterogeneity of
the mineral fertilizer grains, by volatilization losses dur-
ing transport and application in the case of biogas
digestate and by lower than calculated mineralized N in
the case of compost. After harvest, the ratio between
ammonium and nitrate remained more or less the same,
but concentrations were much lower and more homoge-
neous compared to soil right after fertilizer application
(Fig. 2b). Only fermented biogas digestate and compost
showed significantly higher mineral N concentrations after har-
vest (Fig. 2b). Such can be explained by immobilization of
mineral N in the microbial biomass when biogas digestate is
fermented. In the case of compost, higher mineral N concentra-
tion can be explained by continuous mineralization. Gabrielle
et al. (2005) reported annual 3–8 % N mineralization of

compost, depending on compost quality and stability. For sim-
plicity reasons, we used 10 % to calculate corresponding com-
post amounts.

In any case, the mineral N concentration in soil after
harvest is low so that a significant N leaching is not very
likely after harvest both in fermented biogas digestate and
compost treatments. However, it might have occurred before
during the vegetation period, which should be the objective of
further studies.

3.2 Fertilizer effect on maize yield and nutrient and heavy
metal concentrations and uptake

Maize yield was generally low averaging 6–8 Mg ha−1

(Fig. 2c) as explained by the late start of the experiment
during the vegetation period at the end of May 2012.
Maize yield was independent from the type of fertilizer,
showing that compost or biogas digestate was as effec-
tive as mineral fertilizer for maize growth (Fig. 2c).

BA

C

Fig. 2 a Water holding capacity of soils amended with fertilizers and
biochar; numbers in bars represent relative changes compared to corre-
sponding fertilizers without biochar. b Plant-available N in soils after

fertilization (left bars) and harvest (right bars). c Maize yield in 2012.
Given error is standard error (n=5; p<0.05)
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Microbial inoculation of biogas digestate significantly
(p<0.05) improved maize growth compared to mineral
fertilizer or biogas digestate (Fig. 2c), probably due to
temporal N immobilization during microbial inoculation
with indigenous microorganisms, although N concentra-
tion was highest in minerally fertilized plots (Table 1).
Total N uptake into maize plants was comparable for all
fertilizers (Fig. 3a). Total N concentration was generally
low compared to other studies and comparable to typi-
cal N concentration in maize husk (Amoruwa et al.
1987) Total N concentration varied between 9.1 and

13.4 g kg−1 and increased in the order biogas digestate,
compost, fermented biogas digestate and mineral
fertilizer..

Potassium concentration was highest in maize grown
on compost-treated soil and lowest in maize grown on
mineral fertilizer (Table 2). No fertilizer effects on
maize P, Mg and micronutrient concentrations could be
observed apart from Cu (Table 2). Fertilization with
biogas digestate led to highest P uptake by maize
plants. Mineral fertilization and biogas digestate led to
higher Ca uptake by maize plants (Fig. 3). Potassium

Fig. 3 Uptake of major nutrients into total above-ground biomass of maize.Different letters indicate significant differences between means; given error
is standard error (n=5; p<0.05)

Biochar organic fertilizers as substitute for mineral fertilizers 673



uptake by maize was lowest after biogas and mineral
fertilization (Fig. 3). Potassium and micronutrient (Mn,
Cu, Zn) concentrations in the maize plants were gener-
ally higher, and P, Ca and Mg concentrations were
comparable with the data reported by Amoruwa et al.
(1987).

3.3 Biochar effects on soil properties

In this study, maize was not irrigated in order to verify
and differentiate the effects of fertilizers with and with-
out biochar on yield and plant nutrition under natural
weather conditions during the growing season in 2012.
Already, 1 Mg ha−1 of biochar increased the water hold-
ing capacity of the sandy soil under study by 6 % and
40 Mg ha−1 of biochar by up to 25 % (Fig. 2a). Karhu
et al. (2011) showed that 9 Mg ha−1 of biochar increased
water holding capacity by 11 % in silty loamy soil. Liu
et al. (2012) demonstrated that 20 Mg ha−1 biochar
addition to a sandy soil increased plant-available water
holding capacity by 100 %, helping to balance fluctua-
tions in plant-available water during the growing cycle
and to increases in irrigation efficiency.

One and 10 Mg ha−1 biochar additions slightly in-
creased pH, while 40 Mg ha−1 biochar addition signifi-
cantly (p<0.05) increased soil pH values right after fer-
tilizer application; this effect was being levelled out after
maize harvest (Table 1). Biochar addition of at least
10 Mg ha−1 significantly (p<0.05) increased plant-
available K and Mg concentrations in soil, but not Ca
when biochar was combined with biogas digestate
(Table 1). After maize harvest, concentrations of plant-
available cations and differences among different fertil-
izers were comparable to values directly after fertilization
(Table 1). After maize harvest, exchangeable Ca and K
concentrations were significantly higher (p<0.05) when at
least 10 Mg ha−1 biochar was applied (Table 1). Liu et al.
(2012) reported significantly higher plant-available K
concentrations in a sandy soil in north-eastern Germany
after 20 Mg ha−1 biochar and 30 Mg ha−1 compost appli-
cation compared to the same amount of compost alone.
However, plant-available Ca, Mg, Al, Na and P were not
significantly influenced by biochar additions in the study
of Liu et al. (2012).

Biochar addition of at least 10 Mg ha−1 significantly
(p<0.05) increased cation exchange capacity in all treat-
ments apart from biogas digestate (Table 1). The same
result plus a positive biochar effect on biogas digestate
was observed after maize harvest (Table 1). Cation ex-
change capacity of biochar is closely related to surface
functional groups such as phenolic OH and carboxylic
groups (Liu et al. 2013) but varies with feedstock and
combustion conditions (Wiedner et al. 2013). Increase inT
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surface functional groups is a natural process of the age-
ing of biochar in soil (Glaser et al. 2000). In addition, ash
content and pH value influences cation exchange capacity
when determined at soil-inherent pH as in our study.
Therefore, an increase of cation exchange capacity after
biochar addition is due to the input of ash adhering to the
biochar surface. The still higher cation exchange capacity
of biochar-amended treatments after maize harvest might
be due to biochar surface oxidation generating negatively
charged oxygen-containing carboxyl, hydroxyl and phe-
nolic surface functional groups (Atkinson et al. 2010;
Uchimiya et al. 2011). Therefore, one has a real increase of
cation exchange capacity as reported in previous studies (Gla-
ser et al. 2002; Yamato et al. 2006; Van Zwieten et al. 2007).
Such is corroborated by the fact that, apart from a few excep-
tions, exchangeable cations in soil after harvest to which bio-
char was applied were significantly higher compared to corre-
sponding fertilized soils without biochar (Table 1). At the same
time, pH values in soil after harvest were comparable for all
treatments (Table 1).

Biochar addition of at least 10 Mg ha−1 significantly
(p<0.05) increased total N concentration in soil (Table 1).
Biochar-treated soils with more than 10 Mg ha−1 exhibit-
ed significantly (p<0.05) higher total N concentration
compared to corresponding treatments without biochar
even after one vegetation period (Table 1). Biochar addi-
tion significantly (p<0.05) reduced N from ammonium
and nitrate when combined with mineral fertilizer and
fermented biogas digestate (Fig. 2b). In all other treat-
ments, plant-available N concentration was not signifi-
cantly influenced by biochar application, in agreement
with previous studies demonstrating minor effects of bio-
char on N from ammonium and nitrate in soil (DeLuca
et al. 2006; Jones et al. 2012; Kolb et al. 2009). However,
plant-available N of composted biochar was lower than N
from compost without biochar after harvest (Fig. 2b),
indicating that increased microbial activity immobilized
mineral N. A decreased microbial activity after biochar
addition is also possible but not very likely because the
C/N ratio of compost of 10 was very low and, even after
biochar addition, it was only 17.

Biochar application generally increased plant-
available P concentration in soil, being significant
(p<0.05) when combined with mineral fertilizer and
biogas digestate at 40 Mg ha−1. Biochar combined with
fermented biogas digestate significantly decreased
(p<0.05) plant-available P concentration in soil
(Table 1).

3.4 Biochar effect on maize yield

Biochar addition of 1 Mg ha−1 to mineral fertilizer and
biogas digestate increased maize yield by 20 and 30 %,

respectively (Fig. 2c). Addition of 10 Mg ha−1 biochar to
compost increased maize yield by 26 % compared to pure
compost (Fig. 2c). Addition of 40 Mg ha−1 biochar to
biogas digestate increased maize yield by 42 % (p<0.05)
but reduced maize yield by 50 % (p<0.05) when biogas
digestate was fermented together with biochar (Fig. 2c).
Addition of 40 Mg ha−1 biochar did not affect maize yield
when combined with mineral fertilizer (Fig. 2c). Little is
known on comparable field experiments. Schulz and
Glaser (2012) reported similar results of a greenhouse
study using a sandy soil and biochar combined with
mineral fertilizer and compost. Uzoma et al. (2011)
showed that the application of 20 Mg ha−1 to a sandy soil
limited maize height and total biomass in contrast to
15 Mg ha−1 biochar application rate in a greenhouse
experiment. Major et al. (2010) reported no significant
increase of maize yield in the first year of a field trial in
a Colombian savanna Oxisol when 8 and 20 Mg ha−1

biochar had been applied without additional fertilizer. In
the following 2 years, however, maize yield increased
with increasing biochar application rate (Major et al.
2010). Our experiment clearly revealed positive biochar
effects on maize yield when combined with organic
fertilizers and shows that low amounts of biochar
(1 Mg ha−1) can improve mineral fertilizer efficiency.

3.5 Biochar effect on maize nutrients and heavy metal
concentrations and their total uptake into maize plants

Biochar influenced uptake of P, K, Mg and Zn into maize
plants. High amounts of biochar addition increased sig-
nificantly P concentration in maize when combined with
mineral fertilizer or biogas digestate (Table 2). Total P
uptake to maize biomass was only increased by tendency
(Fig. 3). Lehmann et al. (2003) reported a significantly
higher P uptake into cowpea (Vigna unguiculata) when
biochar was combined with mineral fertilizer or manure or
a combination of both in a Ferralsol and in Terra Preta.
Uzoma et al. (2011) reported 2–6 kg ha−1 higher P uptake
into maize grain when 10–20 Mg ha−1 biochar was
applied.

Biochar addition increased significantly (p<0.05) Mg
concentration in maize when combined with mineral fer-
tilizer but had no effect on all other fertilizers (Table 2).
Also, Mg uptake by maize plants was more or less equal
for all treatments (Fig. 3). Uzoma et al. (2011) reported
about 2 kg ha−1 higher Mg uptake by maize grain when at
least 15 Mg ha−1 biochar was applied. Lehmann et al.
(2003) reported a lower Mg uptake by cowpea grown on
Ferralsol or Terra Preta when mineral or organic fertilizers
were applied with and without biochar.

Biochar addition to mineral and organic fertilizers in-
creased both K concentration (Table 2) and uptake
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(Fig. 3) in maize. Also, Lehmann et al. (2003) reported a
positive biochar effect on K uptake into cowpea grown on
a Ferralsol, but not when grown on Terra Preta. Uzoma
et al. (2011) reported about 10 kg ha−1 higher K uptake
into maize grains when 15–20 Mg ha−1 biochar was
applied.

Biochar addition increased significantly (p<0.05) Zn
concentration in maize in all investigated treatments
(Table 2). Also, Lehmann et al. (2003) reported higher
Zn uptake into cowpea grown on a Ferralsol when biochar
was added.

No biochar effects were observed for N, Ca, Mn, Co,
Cr and Pb uptake by maize plants. Biochar addition did
not change N concentration and uptake by maize apart
from combination with microbially inoculated biogas
digestate, which reduced significantly (p<0.05) maize N
concentration (Table 2) and uptake (Fig. 3). Lehmann
et al. (2003) reported reduced N uptake by cowpea when
biochar was applied together with mineral fertilizer or
manure or a combination of both to a Ferralsol in com-
parison to the fertilizers applied without biochar. Also for
Terra Preta, a reduced N uptake into cowpea was observed
even when mineral fertilizer or manure or a combination
of both was applied in comparison to a Ferralsol receiving
the fertilizers (Lehmann et al. 2003). Kammann et al.
(2011) also observed reductions in foliar N concentrations
in a pot trial with a relatively nutrient-rich peanut hull
biochar, but in this case, the reduction resulted likely from
increased N use efficiency since the authors reported
biomass increases of up to 60 %. Uzoma et al. (2011)
reported 30 kg ha−1 higher maize grain N uptake when at
least 15 Mg ha−1 biochar was added. Van Zwieten et al.
(2010) found a positive biochar N interaction for wheat
grown in the greenhouse.

Biochar addition did not change Ca concentration
(Table 2) or uptake (Fig. 3) in maize in most cases.
Uzoma et al. (2011) reported about 0.5 kg ha−1 higher
Ca uptake by maize grain when at least 15 Mg ha−1

biochar was added. Lehmann et al. (2003) reported a
higher Ca uptake by cowpea when biochar was combined
with mineral and/or organic fertilizers in a Ferralsol or
applied to Terra Preta.

Lower uptake of Na, Cu and Ni and Cd by maize plants
was observed after biochar addition. Biochar addition reduced
significantly (p<0.05) Na concentration of maize in all treat-
ments (Table 2). As Na is an antagonist to K, such might be
due to enhanced K uptake by maize.

Biochar reduced significantly (p<0.05) Cu concentration
in maize when applied together with mineral fertilizer and
biogas digestate, but not when applied together with
fermented biogas digestate or compost (Table 2). Biochar
addition decreased significantly (p<0.05) Ni concentration
in maize plant independent from fertilizer type (Table 2).

Biochar addition decreased significantly (p<0.05) Cd concen-
tration in maize when combined with fermented biogas
digestate or compost (Table 2).

Explanations for the discrepancies between our results and
literature data (especially the study of Lehmann et al. 2003)
might be the use of different plants and experimental setups.
In the study of Lehmann et al. (2003), pots were used in which
the substrates were homogeneously mixed, while our study
was a field study in which biochar and fertilizers were mixed
only to 15 cm soil depth while plant roots could reach a depth
of 1 m or even more. Therefore, roots are less affected by
biochar due to the low incorporation depth (Jones et al. 2012).
Furthermore, the capability of biochar to increase nutrient
retention (e.g. Laird et al. 2010; Knowles et al. 2011) might
be a limiting factor for nutrient availability of deep-rooting
plants, because nutrient layers do not penetrate to deeper soil
layers.

Biochar addition to soil can affect physico-chemical and
biological processes such as adsorption and desorption, com-
plexation/dissociation, oxidation/reduction and mobilisation/
immobilization (He et al. 2005; Park et al. 2011; Uchimiya
et al. 2011) that control mobility and availability of macro-
andmicronutrients for plants. Such have direct effects on plant
nutrient uptake and indirect effects on crop yield. Therefore,
these complex interactions led to different biochar effects on
maize nutrient concentrations (Table 2) and uptake (Fig. 3),
depending on biochar amount and type of co-applied fertilizer.
Further studies are required to trace specifically soil-water-
plant interactions of biochar and nutrients or heavy metals.

4 Conclusion

The objective of this study was to evaluate the short-term
effects of biochar in combination with agronomically relevant
inorganic and organic fertilizers on soil properties, plant nutri-
tion and yield in a sandy soil under field conditions in Northern
Germany. The first year of this field trial has shown that high
application rates of biochar significantly increased water hold-
ing capacity. High doses of biochar in combination with fertil-
izers increased maize yield compared to corresponding pure
organic fertilizer applications. As expected, low biochar
amounts such as 1 and 10 Mg ha−1 had only minor effects on
water holding capacity and soil and plant properties. However,
low biochar amounts of 1 Mg ha−1 increased significantly the
mineral fertilizer efficiency, indicating that the application of
economically sustainable amounts of biochar may become an
option for the industrial agriculture in temperate regions. The
addition of biochar to the composting processes improved
significantly the resulting compost in regard to its effect on
maize yield. With respect to plant nutrition, higher P, K, and
Zn; more or less equal N, Mg, Ca, Mn, Co, Cr and Pb; and
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lower Na, Cu, Ni and Cd uptake by maize plants could be
observed when biochar was added compared to corresponding
fertilizers without biochar. Biochar effects on soil properties,
plant nutrition and growth are highly complex and differ
significantly in combination with mineral or organic fertilizers.
More process-based research is needed to understand the bio-
chemical interactions in soil after biochar application in order
to optimize complex biochar fertilizers for field application.
Nevertheless, our field study clearly showed no negative ef-
fects of biochar. Instead, our complex biochar-fertilizer com-
binations clearly demonstrated at least equality with conven-
tionally applied pure mineral fertilizer with respect to yield and
plant nutrition. Therefore, biochar has the potential to increase
agronomic performance even in temperate regions, especially
when combined with organic fertilizers. Furthermore, field
trials have shown that biochar effects on plants and soil prop-
erties differ to studies performed under laboratory or green-
house conditions. Therefore, long-term biochar field trials
under various conditions are needed urgently in order to assess
the long-term effects of biochar on soil properties and plant
growth in realistic agricultural ecosystems.

Acknowledgments We acknowledge the Federal Ministry of Educa-
tion and Research (BMBF) for financial support within the ClimaCarbo
project (No. 01LY1110B). We also thank the hardworking helpers who
conducted this field trial and collected samples and data regardless of
weather conditions: Thomas Chudy, Daniel Habenicht, Graf Fried von
Bernstorff, Jens Schneeweiß, Hardy Schulz, Katharina Winter, Daniel
Fischer, Katharina Karnstedt, Bianca Karnstedt, Steven Polifka, Tobias
Bromm, Marianne Benensch, Susanne Both and many other involved
students and technical assistants.

References

Amoruwa GM, Ogunlela VB, Ologunde OO (1987) Agronomic perfor-
mance and nutrient concentration of Maize (Zea mays L.) as influ-
enced by nitrogen fertilization and plant density. J Agron Crop Sci
159:226–231. doi:10.1111/j.1439-037X.1987.tb00093.x

Atkinson CJ, Fitzgerald JD, Hipps NA (2010) Potential mechanisms for
achieving agricultural benefits from biochar application to temperate
soils: a review. Plant Soil 337:1–18

DeLuca TH, MacKenzie MD, Gundale MJ, HolbenWE (2006) Wildfire-
produced charcoal directly influences nitrogen cycling in Ponderosa
pine forests. Soil Sci Soc Am J 70:448. doi:10.2136/sssaj2005.0096

Duggan JC, Wiles CC (1976) Effect of municipal compost and nitrogen
fertilizer on selected soils and plants. Compos Sci 17:24–31

Fischer D, Glaser B (2012) Synergisms between compost and biochar for
sustainable soil amelioration. In: Sunil K, Bharti A (eds)
Management of organic waste. InTech, Rijeka, pp 167–198

Gabrielle B, Da-Silveira J, Houot S,Michelin J (2005) Field-scale model-
ling of carbon and nitrogen dynamics in soils amended with urban
waste composts. Agric Ecosyst Environ 110:289–299. doi:10.1016/
j.agee.2005.04.015

Glaser B, Birk JJ (2012) State of the scientific knowledge on properties
and genesis of anthropogenic dark earths in Central Amazonia (terra
preta de Índio). Geochim Cosmochim Acta 82:39–51. doi:10.1016/
j.gca.2010.11.029

Glaser B, Balashov E, Haumaier L, Guggenberger G, Zech W (2000)
Black carbon in density fractions of anthropogenic soils of the
Brazilian Amazon region. Org Geochem 31:669–678. doi:10.
1016/S0146-6380(00)00044-9

Glaser B, Lehmann J, Zech W, Glaser B, Lehmann J, Zech W (2002)
Ameliorating physical and chemical properties of highly weathered
soils in the tropics with charcoal—a review. Biol Fertil Soils 35:
219–230. doi:10.1007/s00374-002-0466-4

He ZL, Yang XE, Stoffella PJ (2005) Trace elements in agroecosystems
and impacts on the environment. J Trace Elem Med Biol 19:125–
140. doi:10.1016/j.jtemb.2005.02.010

Jeffrey S, Verheijen FGA, van der Velde M, Bastos AC (2011) A
quantitative review of the effects of biochar application to soils on
crop productivity using meta-analysis. Agric Ecosyst Environ 144:
175–187. doi:10.1016/j.agee.2011.08.015

Jones DL, Rousk J, Edwards-Jones G, DeLuca TH, Murphy DV (2012)
Biochar-mediated changes in soil quality and plant growth in a three
year field trial. Soil Biol Biochem 45:113–124. doi:10.1016/j.
soilbio.2011.10.012

Kammann C, Linsel S, Goeßling J, Kyoro H (2011) Influence of
biochar on drought tolerance of Chenopodium quinoa Wild
and on soil-plant relations. Plant Soil 345:195–210. doi:10.
1007/s11104-011-0771-5

Karhu K, Mattila T, Bergstroem I, Regina K (2011) Biochar addition to
agricultural soil increased CH4 uptake and water holding capacity—
results from a short-term pilot field study. Agric Ecosyst Environ
140:309–313. doi:10.1016/j.agee.2010.12.005

Knowles OA, Robinson BH, Contangelo A, Clucas L (2011) Biochar for the
mitigation of nitrate leaching from soil amended with biosolids. Sci
Total Environ 409:3206–3210. doi:10.1016/j.scitotenv.2011.05.011

Kolb SE, Fermanich KJ, DornbushME (2009) Effect of charcoal quantity
on microbial biomass and activity in temperate soils. Soil Sci Soc
Am J 73:1173. doi:10.2136/sssaj2008.0232

Laird D, Fleming P, Wang B, Horton R, Karlen D (2010) Biochar impact
on nutrient leaching from a Midwestern agricultural soil. Geoderma
158:436–442. doi:10.1016/j.geoderma.2010.05.012

Lavalle C, Micale F, Houston TD, Camia A, Hiederer R, Lazar C, Conte
C, Amatulli G, Genovese G (2009) Climate change in Europe. 3.
Impact on agriculture and forestry—a review. Agron Sustain Dev
29:433–446. doi:10.1051/agro/2008068

Lehmann J, da Silva JP, Steiner C, Nehls T, Zech W, Glaser B (2003)
Nutrient availability and leaching in an archaeological Anthrosol
and a Ferralsol of the Central Amazon basin: fertilizer, manure and
charcoal amendments. Plant Soil 249:343–357. doi:10.1023/
A:1022833116184

Liu J, Schulz H, Brandl S, Miethke H, Huwe B, Glaser B (2012) Short-
term effect of biochar and compost on soil fertility and water status
of a Dystric Cambisol in NEGermany under field conditions. J Plant
Nutr Soil Sci 175:698–707. doi:10.1002/jpln.201100172

Liu X, Zhang A, Ji C, Joseph S, Bian R, Li L et al (2013) Biochar’s effect
on crop productivity and the dependence on experimental condi-
tions—a meta-analysis of literature data. Plant Soil 373:583–594.
doi:10.1007/s11104-013-1806-x

Major J, Rondon M, Molina D, Riha SJ, Lehmann J (2010) Maize yield
and nutrition during 4 years after biochar application to a Colombian
savanna Oxisol. Plant Soil 333:117–128. doi:10.1007/s11104-010-
0327-0

Mays DA, Terman GL, Duggan JC (1973) Municipal compost: effects on
crop yields and soil properties. J Environ Qual 2:89. doi:10.2134/
jeq1973.00472425000200010011x

Olsen SR, Cole CV, Watanabe FS, Dean LA (1954) Estimation of
available phosphorus in soils by extraction with sodium bicarbonate.
Government Printing Office Washington, DC USDA Circular 1–19

Park JH, Choppala GK, Bolan NS, Chung JW, Chuasavathi T (2011)
Biochar reduces the bioavailability and phytotoxicity of heavy
metals. Plant Soil 348:439–451. doi:10.1007/s11104-011-0948-y

Biochar organic fertilizers as substitute for mineral fertilizers 677

http://dx.doi.org/10.1111/j.1439-037X.1987.tb00093.x
http://dx.doi.org/10.2136/sssaj2005.0096
http://dx.doi.org/10.1016/j.agee.2005.04.015
http://dx.doi.org/10.1016/j.agee.2005.04.015
http://dx.doi.org/10.1016/j.gca.2010.11.029
http://dx.doi.org/10.1016/j.gca.2010.11.029
http://dx.doi.org/10.1016/S0146-6380(00)00044-9
http://dx.doi.org/10.1016/S0146-6380(00)00044-9
http://dx.doi.org/10.1007/s00374-002-0466-4
http://dx.doi.org/10.1016/j.jtemb.2005.02.010
http://dx.doi.org/10.1016/j.agee.2011.08.015
http://dx.doi.org/10.1016/j.soilbio.2011.10.012
http://dx.doi.org/10.1016/j.soilbio.2011.10.012
http://dx.doi.org/10.1007/s11104-011-0771-5
http://dx.doi.org/10.1007/s11104-011-0771-5
http://dx.doi.org/10.1016/j.agee.2010.12.005
http://dx.doi.org/10.1016/j.scitotenv.2011.05.011
http://dx.doi.org/10.2136/sssaj2008.0232
http://dx.doi.org/10.1016/j.geoderma.2010.05.012
http://dx.doi.org/10.1051/agro/2008068
http://dx.doi.org/10.1023/A:1022833116184
http://dx.doi.org/10.1023/A:1022833116184
http://dx.doi.org/10.1002/jpln.201100172
http://dx.doi.org/10.1007/s11104-013-1806-x
http://dx.doi.org/10.1007/s11104-010-0327-0
http://dx.doi.org/10.1007/s11104-010-0327-0
http://dx.doi.org/10.2134/jeq1973.00472425000200010011x
http://dx.doi.org/10.2134/jeq1973.00472425000200010011x
http://dx.doi.org/10.1007/s11104-011-0948-y


Paul EA (ed) (2007) Soil microbiology, ecology and biochemistry, 3rd
edn. Academic, San Diego

Richter C, Piepho H, Thöni H (2009) The ‘latin rectangle’—its layout,
randomisation, and analysis combined with a revision of the commonly
used German terminology. Pflanzenbauwissenschaften 13:1–14

Schulz H, Glaser B (2012) Effects of biochar compared to organic and
inorganic fertilizers on soil quality and plant growth in a greenhouse
experiment. J Plant Nutr Soil Sci 175:410–422. doi:10.1002/jpln.
201100143

Shiralipour A, McConnell DB, Smith WH (1992) Physical and chemical
properties of soils as affected by municipal solid waste compost
application. Biomass Bioenergy 3:261–266. doi:10.1016/0961-
9534(92)90030-T

Trueby P, Aldinger E (1989) Eine Methode zur Bestimmung
austauschbarer Kationen in Waldböden. Z Pflanzenernähr
Bodenkd 152:301–306. doi:10.1002/jpln.19891520307

Uchimiya M, Chang S, Klasson KT (2011) Screening biochars for heavy
metal retention in soil: role of oxygen functional groups. J Hazard
Mater 190:432–441. doi:10.1016/j.jhazmat.2011.03.063

Uzoma KC, Inoue M, Andry H, Fujimaki H, Zahoor A, Nishihara E
(2011) Effect of cow manure biochar on maize productivity under
sandy soil condition. Soil Use Manag 27:205–212. doi:10.1111/j.
1475-2743.2011.00340.x

Van Zwieten L, Kimber S, Downie A, Chan KY, Cowie A, Wainberg R,
Morris S (2007) Papermill char: benefits to soil health and plant

production. Proceedings of the Conference of the International
Agrichar Initiative, 30 April–2 May 2007, Terrigal, Australia

van Zwieten L, Kimber S, Morris S, Chan KY, Downie A, Rust J et al
(2010) Effects of biochar from slow pyrolysis of papermill waste on
agronomic performance and soil fertility. Plant Soil 327:235–246.
doi:10.1007/s11104-009-0050-x

Walker DJ, BernalMP (2008) The effects of olive mill waste compost and
poultry manure on the availability and plant uptake of nutrients in a
highly saline soil. Bioresour Technol 99:396–520. doi:10.1016/j.
biortech.2006.12.006

Weber J, Karczewska A, Drozd J, Licznar M, Licznar S, Jamroz E,
Kocowicz A (2007) Agricultural and ecological aspects of a sandy
soil as affected by the application of municipal solid waste com-
posts. Soil Biol Biochem 39:1294–1302. doi:10.1016/j.soilbio.
2006.12.005

Wiedner K, Rumpel C, Steiner C, Pozzi A, Maas R, Glaser B (2013)
Chemical evaluation of chars produced by thermochemical conver-
sion (gasification, pyrolysis and hydrothermal carbonization) of
agro-industrial biomass on a commercial scale. Biomass
Bioenergy 59:264–278. doi:10.1016/j.biombioe.2013.08.026

Yamato M, Okimori Y, Wibowo IF, Anshori S, Ogawa M (2006) Effects
of the application of charred bark of Acacia mangium on the yield of
maize, cowpea and peanut, and soil chemical properties in South
Sumatra, Indonesia. Soil Sci Plant Nutr 52:489–495. doi:10.1111/j.
1747-0765.2006.00065.x532

678 B. Glaser et al.

http://dx.doi.org/10.1002/jpln.201100143
http://dx.doi.org/10.1002/jpln.201100143
http://dx.doi.org/10.1016/0961-9534(92)90030-T
http://dx.doi.org/10.1016/0961-9534(92)90030-T
http://dx.doi.org/10.1002/jpln.19891520307
http://dx.doi.org/10.1016/j.jhazmat.2011.03.063
http://dx.doi.org/10.1111/j.1475-2743.2011.00340.x
http://dx.doi.org/10.1111/j.1475-2743.2011.00340.x
http://dx.doi.org/10.1007/s11104-009-0050-x
http://dx.doi.org/10.1016/j.biortech.2006.12.006
http://dx.doi.org/10.1016/j.biortech.2006.12.006
http://dx.doi.org/10.1016/j.soilbio.2006.12.005
http://dx.doi.org/10.1016/j.soilbio.2006.12.005
http://dx.doi.org/10.1016/j.biombioe.2013.08.026
http://dx.doi.org/10.1111/j.1747-0765.2006.00065.x532
http://dx.doi.org/10.1111/j.1747-0765.2006.00065.x532



