
Science of the Total Environment 680 (2019) 181–189

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Substitution of mineral fertilizers with biogas digestate plus biochar
increases physically stabilized soil carbon but not crop biomass in a
field trial
Isabel Greenberg a,⁎, Michael Kaiser b, Anna Gunina a, Philipp Ledesma a, Steven Polifka c, Katja Wiedner c,
Carsten W. Mueller d, Bruno Glaser c, Bernard Ludwig a

a University of Kassel, Department of Environmental Chemistry, Nordbahnhofstrasse 1a, 37213 Witzenhausen, Germany
b University of Nebraska-Lincoln, Department of Agronomy and Horticulture, 202 Keim Hall, Lincoln, NE 68583, USA
c Martin Luther University Halle-Wittenberg, Institute of Agricultural and Nutritional Sciences, Von-Seckendorff-Platz 3, 06120 Halle (Saale), Germany
d Technical University of Munich, Chair of Soil Science, Emil-Ramann-Straße 2, 85354 Freising, Germany
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Compared to mineral fertilizer,
digestate increased physically stabilized
soil C.

• 14 months after biochar application,
52% of additional soil C was not oc-
cluded.

• Biochar increased CO2 emissions during
laboratory incubation, while digestate
did not.

• Biogas digestate resulted in lower
aboveground crop biomass than min-
eral fertilizer.

• 40 Mg biochar ha−1 applied to a sandy
soil had no effect on aboveground crop
biomass.
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Various organic amendments are scrutinized as potential agricultural management strategies to ensure soil pro-
ductivity while mitigating climate change due to the accumulation of soil organic matter (OM). The objectives of
this experiment were to study the effects of biochar and biogas digestate versus mineral fertilizer on crop above-
ground biomass aswell as fractions andmineralization of soil organic carbon (SOC). Samples of a sandy Cambisol
were taken 14months after establishment of a field experiment in Germany. Treatments included application of
equal nitrogen in the form of mineral fertilizer or liquid biogas digestate without biochar (B0), with 1Mg biochar
ha−1season−1 for two growing seasons (B2), or with 40 Mg biochar ha−1 application (B40). Soil fractionation in
water separated water-extractable and free particulate (fPOM) OM, followed by sonification and sieving to iso-
late occluded particulate (oPOM) and b 20 μm aggregate-occluded and mineral-associated OM. CO2 emissions
were measured during 92-day laboratory incubations at 10 and 20 °C. Analysis of variance found digestate
lowered (p b 0.05) rye aboveground biomass compared tomineral fertilizer (9.3 vs. 10.6 Mg ha−1), while biochar
had no effect. B40 treatments increased Cmineralization during incubation by 16% and contained 3.8 timesmore
SOC than B0 treatments. This additional SOC was allocated to fPOM (52%), oPOM (22%), and the b20 μm fraction
(26%). Digestate application increased SOC content of oPOMby 11% compared tomineral fertilizer. Furthermore,
combined application of 40Mg biochar ha−1 with digestate resulted in 20%more SOC in the b20 μm fraction than
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biochar with mineral fertilizer. The lack of a significant fertilizer or biochar-fertilizer interaction effect on C min-
eralization during incubation demonstrates the stability of SOC from digestate alone or in combination with bio-
char. The absence of significant differences in SOC content between B0 and B2 treatments demonstrates the
difficulty of documenting SOC sequestration in the field at low biochar application rates.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Agriculture is currently responsible for roughly 10% of total green-
house gas emissions in the European Union (European Environmental
Agency, 2017). Various mitigation strategies are being explored, includ-
ing replacement of energy-intensive mineral fertilizers with organic
amendments, production of biofuels from agricultural crops and waste
products, and sequestration of C in soil by organic additives such as bio-
char (Arodudu et al., 2017; Minasny et al., 2017;Weiland, 2010). Before
such strategies can be applied at scale, their effects on, e.g., crop yield
and the environment must be compared to other alternatives.

Biogas digestate is the residual product of biogas generation by an-
aerobic digestion of an organic substrate (Drosg et al., 2015), such as en-
ergy crops, crop residues, and manure (Möller and Müller, 2012).
Digestate is amix ofwater and particulate, suspended, and dissolved or-
ganic and inorganic material (Möller, 2015). Compared to the original
feedstock, digestate has a lower C to N ratio, higher NH4 to total N
ratio, lower organic matter (OM) content, and higher pH (Möller and
Müller, 2012). Physical separation of the liquid fraction of biogas
digestate results in a fertilizer that is more comparable to mineral fertil-
izer or urine, while the solid fraction resembles solid manure (Nkoa,
2014; Möller andMüller, 2012). The use of this residual to replace min-
eral fertilizers can decrease the energy input for cultivation of energy
crops by 34% on average, making the net energy generation of biogas
production more positive (Gissén et al., 2014). However, detailed infor-
mation is needed about the effects of specific biogas digestates in com-
parison to mineral fertilizer on characteristics of agro-ecosystems, such
as biomass yield and soil organic carbon (SOC) pools and turnover time
(Nkoa, 2014; Barbosa et al., 2014; Möller, 2015).

In contrast to digestate, biochar, the product of thermochemical con-
version of biomass under low oxygen conditions, is a soil conditioner
rather than a fertilizer (Verheijen et al., 2010). Biochar can persist in
the soil for centuries, trapping CO2 assimilated by biomass from the at-
mosphere on longer timescales thanunpyrolyzedOM(Lehmann, 2007).
Compared to other negative emission technologies, the addition of bio-
char to soils is a favorable alternative considering a holistic array of fac-
tors (i.e. land use, water use, albedo, energy requirements, cost,
potential for the C sink to become a source, and the point of sink satura-
tion) (Smith, 2016). As with digestate, the characteristics of biochar
vary widely depending on the production process (e.g., feedstock, tem-
perature and duration of pyrolysis, and particle size) (Joseph et al.,
2010; Schimmelpfennig and Glaser, 2012). Higher temperature pyroly-
sis produces biochar with a more highly condensed structure and
greater recalcitrance in the soil, though this corresponds to generally
lesser benefits to soil fertility compared to lower temperature pyrolysis
(Joseph et al., 2010). Yield improvements from biochar are greatest in
nutrient poor, acidic soils of coarse to medium texture, implying that
the delivery of nutrients, liming effect, and improved water-holding ca-
pacity (WHC) are themain drivers of yield increases (Jeffery et al., 2011;
Jeffery et al., 2017).

Although a wide range of biochar application rates has been investi-
gated,most studies have investigated rates that could be considered im-
practical for adoption by farmers due to the high cost of biochar. For
example, the median rate of application was 30 Mg ha−1 in a review of
biochar studies by Jeffery et al. (2017). It would be more feasible for
farmers to apply small, repeated applications rather than a large, single
application (Glaser et al., 2015), so it has been suggested that more ex-
periments consider low application rates (El-Naggar et al., 2019). There-
fore, in the present study, we investigated a seasonal application of
1 Mg ha−1 and a single application of 40 Mg ha−1. The former is of prac-
tical relevance to farmers, while the latter is comparable to the biochar
amounts in Terra Preta (Glaser et al., 2001) as well as application rates
used in studies byBorchard et al. (2014) and Liu et al. (2012) under sim-
ilar conditions.

Since biochar does not provide an adequate supply of nutrients to
serve as the sole source of fertilization, combined effects with co-
amendments should be considered. This could be relevant if the co-
amendment affects the rate of biochar aging, i.e., surface oxidation by
biotic processes, resulting in an increase in oxygen-containing func-
tional groups which promote soil aggregation and improve nutrient-
and water-holding capacity (Joseph et al., 2010; Brady and Weil,
2016). Co-application of biochar with a more bioavailable amendment
(co-metabolite) has been shown to speed biochar decomposition
(Kuzyakov et al., 2009; Hamer et al., 2004). This priming effect of the
co-metabolite on biochar, though desirable for increasing the reactivity
of the biochar surface, comes at the cost of C sequestration. Alterna-
tively, it has been suggested that rather than surface oxidation, organic
coatings on biochar pore surfaces are vital to increasing the functionality
of biochar, and that the formation of these coatings can be promoted by
co-application with a nutrient-rich organic amendment (Hagemann
et al., 2017).

Regarding the effects of aged biochar on native soil organic matter
(SOM), the results are mixed. Keith et al. (2011) and Zimmerman
et al. (2011) found evidence that aged biochar better protects native
SOM from decomposition by, e.g., adsorption of dissolved organic mat-
ter, surface interactions, and electron donor-acceptor reactions
(Mukherjee et al., 2016; Joseph et al., 2010), while Paetsch et al.
(2017) found that aged biochar increased mineralization of native
SOM especially under drought conditions due to the improvedWHC ca-
pacity of soils containing aged biochar. In summary, the combined ef-
fects of biochar, other amendments, and native SOM are complex,
with implications for soil fertility as well as positive and negative prim-
ing effects on C mineralization. Therefore more information is required
about the interaction of soil components and biochar in particular con-
texts in order to better understand the mechanisms at work (Jeffery
et al., 2017; El-Naggar et al., 2019). Specifically, there is insufficient in-
formation regarding the combined effects of biogas digestate and bio-
char (Mukherjee et al., 2016; Marchetti and Castelli, 2013).

To address these research gaps, a field experiment was established
on a sandy soil in Northern Germany comparing the effects of the liquid
biogas digestate versus mineral fertilizer applied with or without high-
temperature biochar at a low (1 Mg ha−1 season−1) or high rate
(40 Mg ha−1) of biochar application on i) crop aboveground biomass
(AGB), ii) SOC content of bulk soil and fractions with varied degrees of
physical protection, and iii) the quantity and temperature dependence
of labile SOC determined by laboratory incubation at 10 and 20 °C.

We hypothesized that fertilizer type (i.e. mineral versus digestate)
will slightly affect the bulk and fraction SOC content due to application
of digestate C (average C:N of 8.1). We expected similar AGB for both
fertilizer treatments, given that the N fertilization rate was constant
across treatments, and higher AGB in response to biochar application,
given the low nutrient- and water-holding capacity of sandy soil. We
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further hypothesized that biochar in combinationwithmineral fertilizer
will only increase SOC content in the free particulate OM fraction of
sandy soil due to its limited potential for aggregation. If biochar is ap-
plied in combination with biogas digestate, it is hypothesized that SOC
content will increase in more physically stabilized fractions of SOM
due to the presence of a co-metabolite and the formation of organic
coatings. Finally, C mineralization during incubation is expected to in-
crease with temperature, but neither organic amendment is expected
to affect C mineralization due to the low decomposition rates of high-
temperature biochar and the rapid turnover of the labile portion of
digestate prior to sample collection at the end of the growing season.
2. Materials and methods

2.1. Study site, experimental design, and soil sampling

The field experiment was established on a sandy Cambisol (94%
sand, 4% silt, 2% clay) in northern Germany (53° 01′09.26″ N, 11° 29′
50.04″ E, 19 m above sea level) beginning in May 2012. The climate at
this site is temperate, with average annual precipitation of 575 mm
and temperature of 8.8 °C. Each of ten experimental treatments was
replicated five times, creating a total of 50 plots. These 72 m2 plots
were arranged in a row-columndesign so that each treatmentwas pres-
ent in each row and each column. Plots were separated by driving lanes
to allow access without disturbance (Glaser et al., 2015).

Of the ten total treatments, six treatmentswhich received consistent
fertilizer application over the experimental period and featured a bal-
anced experimental design were studied, including the annual applica-
tion of mineral fertilizer (M) or biogas digestate (D) without biochar
(B0), with an annual application of 1 Mg biochar ha−1 for two seasons,
resulting in a total of 2Mg biochar ha−1 (B2), or with a single application
of 40 Mg biochar ha−1 (B40). All treatments received 200 kg total N ha−1

in 2012 and 120 kg total N ha−1 in 2013. The mineral N fertilizer was in
the form of urea and ammonium in 2012 and urea, ammonium and ni-
trate in 2013. The digestate fertilizer was the liquid fraction of anaerobi-
cally digested maize silage. In 2012, the liquid digestate contained 7.7%
dry matter, of which 6.0% was OM and 1.7% was mineral matter. 35% of
the total N was in the form of NH4. The biochar was made from green
cuttings pyrolyzed at 650 °C in a Pyreg™ reactor (Doerth, Germany,
www.pyreg.de). C and N contents as well as the pH and electrical con-
ductivity of the unamended soil, mineral fertilizer, biogas digestate,
and biochar in each season of the experiment are given in Table 1.

During the experimental period, the crop sequencewas silagemaize
(Zeamays), followed bywinter rye (Secale cereale). The plow depthwas
15 cm in the spring of 2012 and 20 cm thereafter. Further descriptions of
field experiment are given in Glaser et al. (2015) and Polifka et al.
(2018).

Winter rye AGB was determined by harvesting, drying at 65 °C, and
weighing all plantswithin a 2m2 areawithin the center of each plot. Soil
samples were collected from the 0–10 cm depth in the second growing
Table 1
Properties of the unamended soil, mineral fertilizer, biogas digestate, and biochar in each
season of the experiment, including C and N content, pH, and electrical conductivity (EC).

C (%) N (%) C:N pH (CaCl2) EC (μS cm−1)

Unamended soil 0.63 0.048 13 5.8 nda

Mineral fertilizer
2012 5.6 14 0.40 5.4 160,700
2013 6.5 22 0.29 8.8 nd

Biogas digestate
2012 36 4.8 7.6 9.8 3166
2013 39 4.5 8.6 8.0 nd

Biochar
2012 72 0.96 75 8.6 1000
2013 61 0.74 83 8.8 nd

a nd = not determined.
season after the winter rye harvest (July 2013). Samples were sieved to
b2 mm, dried at 20 °C for one week, and stored until July 2017.

2.2. Fractionation procedure and scanning electron microscopy

Soil was fractionated sequentially into four fractions representing
OM of different degrees of decomposition and stabilization against mi-
crobial decomposition. Given the limited aggregation of the sandy soil
under study, a simplification of the Remus et al. (2018) fractionation
procedurewas applied in order to decrease theworkloadwhile still sep-
arating key fractions. First, free particulate organic matter (fPOM) was
separated bymixing the soil withwater. Thiswas done to reduce poten-
tial artificial effects of using heavy liquids for separation of fPOM, such
as OM solubilization and redistribution or alteration of chemical OM
characteristics (e.g.Wander, 2004; Crowet al., 2007). 5 g soilwasplaced
in a centrifuge tube, to which 20 mL of water was added. The tube was
inverted five times and organic particles floating on and suspended in
the water were removed with a pipette and placed on a 53-μm sieve.
Water passing the sieve was returned to the centrifuge tube and topped
off to reach a total of 50 mL of water. The fPOM on the sieve was then
freeze-dried and weighed.

The centrifuge tube containing the remaining portion of the soil
sample was then shaken for 12 h and centrifuged (4000g, 30 min).
The supernatant, containing water-extractable organic matter
(WEOM), was decanted and stored. To extract remaining WEOM,
10mL of water were added to the extraction residue, mixed on a vortex
for 5 s, and centrifuged again (4000g, 30min), after which the superna-
tant was decanted and unifiedwith the first decanted supernatant. This
step was repeated a second time. Finally, the combined supernatants
were centrifuged and the final supernatant was vacuum filtered
through a 0.45-μm membrane filter. The material that passed through
the filter was refrigerated at 4 °C prior to measurement of organic car-
bon (OC) content of WEOM within two weeks of extraction. The pellet
remaining after the fourth centrifugation was combined with the ex-
traction residue remaining after the first centrifugation.

The extraction residue was transferred to a glass beaker and mixed
with a total of 30 mL of water. The beaker was placed in an ice bath,
and the soil/water suspension was treated with ultrasound to disperse
aggregates, thereby separating aggregate-occluded OM. For this, the
sonotrode was inserted to a depth of 1 cm in the suspension and the
sample was sonicated at an energy level of 60 J cm−3 (Branson Digital
Sonifier, Branson Ultrasonics Corporation, Dietzenbach, Germany).
Given the sandy soil texture, the energy level of 60 J cm−3 was applied
in order to disperse aggregates N20 μmwhileminimizing physical disin-
tegration and redistribution of organic particles (Kaiser and Berhe,
2014). After aggregate dispersion, the sample was wet sieved using a
20-μm sieve, and material above and below the sieve was freeze-dried
and weighed. Sample material above the sieve represents 2 mm - 20
μm occluded POM (oPOM) released from aggregates by the sonication,
while material below the sieve represents b20 μm OM occluded in ag-
gregates and associated with mineral particles.

To check these assumptions of the fractionation procedure regarding
the contents of the oPOM and b20 μm fractions, material from bulk soil,
oPOM fraction, and b 20 μm fraction of the B0 and B40 treatments in
combination with both fertilizer types were examined using a scanning
electron microscope (SEM) (JEOL JSM-7200F, Freising, Germany). For
this, material from the bulk soil and the 2 mm–20 μm fraction were
mounted on Al stubs, and material from the b20 μm fraction was
mounted on silica wafers. All samples were coated with Au (b10nm;
Anatech USA/Technics Hummer Junior, Hayward, USA) to avoid charg-
ing. SEM images (Fig. 1) indicate that the 2 mm - 20 μm fraction was
composed of oPOM released from aggregates by the sonication and
mineral particles with a negligible amount of attached OM for both B0
and B40 samples. The b20 μm material was composed of OM occluded
in aggregates and associated with single mineral particles also for both
B0 and B40 samples.

http://www.pyreg.de


Fig. 1. Scanning electron microscope images of soil amendedwith biogas digestate and 40 Mg biochar ha−1 (left column) or biogas digestate only (right column), including i) bulk soil (top
row) containing free particulate organicmatter (OM), aggregates, andOMcoatings on sand particles, ii) the 2mm−20 μm fraction (middle row) inwhich aggregates have been dispersed by
sonification, resulting in the release of occluded particulate OM and minerals N20 μmwith a negligible amount of attached OM, and iii) the b20 μm fraction (bottom row) demonstrating
isolation of aggregate-occluded and mineral-associated OM.
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2.3. Organic carbon measurements

Prior to the measurement of OC content by dry combustion using a
CN elemental analyzer (Elementar Vario El, Heraeus, Hanau,
Germany), the bulk soil and oPOM fraction (freeze-dried) were ball-
milled. The fPOM fraction (freeze-dried) was ground using an agate
mortar and pestle and the b20 μm fraction (freeze-dried) was not
ground because of its small particle size and homogeneity. The OC con-
tent of the WEOMwas measured in a 100 μL sub-aliquot (Analytik Jena
multi N/C® 2100 S, Jena, Deutschland).

2.4. Incubation experiment

In order to study microbial degradability of SOM, respiration was
measured in closed jars using a NaOH trap according to the methods
of Alef (1995). 15 g of each soil sample at 60% WHC were sealed in
125-mL incubation glasses. A pre-incubation was conducted at 10 °C
for 18 days to ensure stabilization of CO2 efflux. Afterwards, soil repli-
cates were placed in 10 °C and 20 °C incubation chambers. CO2 efflux
was measured on day 1, 3, 5, 11, 18, 25, 32, 48 and 92 using NaOH
traps (2 mL, 1 M). To achieve high capture efficiency by the NaOH
traps, the layer of soil in the incubation jar was b1 cm and the
amount of NaOH in the jars was sufficient so that at least 50% of the
NaOH remained unreacted at each measurement date. Glanville
et al. (2012) found a CO2 capture efficiency of 71.5% by NaOH traps
in laboratory incubations using sieved soil samples. Although this
method is less reliable than microcosm experiments with CO2 efflux
automatically measured by gas chromatography, the NaOH trap
method is still commonly implemented with similar conditions to
the present experiment (Luo et al., 2017) or even smaller soil
amounts with more frequent CO2 measurements (e.g., Gunina
et al., 2017; Glanville et al., 2012).

Image of Fig. 1


Table 2
Results of analysis of variance for the effect of row and column in the field, fertilizer type,
biochar application, and the interaction of the latter two factors on rye aboveground bio-
mass and bulk and fraction organic carbon (OC) content. Model simplification was carried
out with stepwise elimination of non-significant treatment factors, independent of design
factors (i.e. row and column).

Df Sum of squares Mean square F ratio p value

Rye aboveground biomass
Column 4 2.19 0.546 0.356 0.84
Row 4 17.7 4.44 2.89 0.049
Fertilizer 1 11.3 11.3 7.34 0.014
Residual 20 30.7 1.54

Bulk OC content – Box-Cox transformed
Column 4 2.33E-3 5.82E-4 2.66 0.065
Row 4 2.85E-4 7.10E-5 0.326 0.86
Biochar 2 0.0605 0.0303 138 4.7E-12
Residual 19 4.16E-3 2.19E-4

WEOMa fraction OC content
Column 4 8.65E-4 2.16E-4 2.91 0.048
Row 4 1.72E-4 4.30E-5 0.579 0.68
Fertilizer 1 5.39E-4 5.39E-4 7.26 0.014
Residual 20 1.48E-3 7.42E-5

fPOMb fraction OC content – Box-Cox transformed
Column 4 0.193 0.0480 0.733 0.58
Row 4 0.445 0.111 1.69 0.19
Biochar 2 14.4 7.20 109 3.8E-11
Residual 19 1.25 0.0660

oPOMc (2 mm–20 μm) fraction OC content
Column 4 2.25 0.562 2.67 0.066
Row 4 1.09 0.274 1.30 0.31
Biochar 2 89.0 44.5 211 3.2E-13
Fertilizer 1 1.20 1.20 5.70 0.028
Residual 18 3.80 0.211

b20 μm fraction OC content
Column 4 7.14 1.79 6.56 2.5E-3
Row 4 1.11 0.278 1.02 0.43
Biochar 2 120 59.8 220 2.3E-12
Fertilizer 1 2.69 2.69 9.88 6.3E-3
Biochar*fertilizer 2 2.37 1.19 4.36 0.031
Residual 16 4.35 0.272

a WEOM = water-extractable organic matter.
b fPOM = free particulate organic matter.
c oPOM = occluded particulate organic matter.
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2.5. Statistical analysis

Statistical analysis was carried out using R version 3.4.4 (R Core
Team, 2018). Following inspection of boxplots, analysis of variance
(ANOVA) was conducted in accordance with the stated hypotheses to
determine the effect of fertilizer type (mineral fertilizer vs. biogas
digestate), biochar application rate (0, 2, or 40 Mg biochar ha−1), and
their interaction on i) crop AGB, ii) OC content of bulk soil, WEOM,
fPOM, oPOM, and the b20 μmfraction, and iii) cumulative CO2 emissions
from the incubations. Row and column in the field were also incorpo-
rated as factors in the model according to the row-column design. Fur-
thermore, incubation temperature (10 vs. 20 °C) was incorporated as a
factor in the model of cumulative CO2 emissions, alongwith all possible
two and three-way interactions with fertilizer type and biochar
application.

For all ANOVAs, stepwise model reductions were carried out on
treatment factors (independent of the factors row and column in the
field), eliminating first the non-significant interactions between factors,
then non-significant main effects (Crawley, 2012). Due to errors in the
laboratory, one replicate from the treatments M B0 at 10 and 20 °C
and M B2 at 20 °C was missing from the incubation dataset, resulting
in an unbalanced experimental design. To ensure correct ANOVA re-
sults, the order of the treatment factors in this model was varied while
stepwise model reductions were carried out (Mead et al., 2002).

To test that parametric assumptions were met for all response vari-
ables, the Shapiro-Wilks test for normality of the residuals was con-
ducted as well as visual inspection of residuals for homogeneity of
variance and examination of the ratio of themaximum to theminimum
standard deviation of the factor levels of each model factor. Due to het-
erogeneous variance of the factor biochar for the response variables OC
content of the bulk soil and fPOM, Box-Cox transformations were ap-
plied. Parametric assumptions were then met, allowing ANOVAs to be
conducted. For the properties which were Box-Cox transformed, mar-
ginal means and confidence limits were back-transformed and may be
interpreted as medians and confidence limits of the medians (Piepho,
2009). Tukey's HSD test was applied to conduct pairwise comparisons
between the treatment levels in case of a significant (p ≤ 0.05) treat-
ment effect in the ANOVA.

3. Results

In 2013, there was no effect of the biochar application on the AGB of
winter rye, whereas fertilizer type did have a significant effect (p ≤ 0.05,
Table 2), with mineral fertilizer resulting in an average AGB of
10.6 Mg ha−1 compared to 9.33 Mg ha−1 in response to biogas digestate
fertilization.

Biochar significantly increased the OC content of the bulk soil and all
OM fractions except WEOM (Table 2), although a significant difference
between the 2 and 0Mg ha−1 treatmentwas never observed (Fig. 2). B40
treatments resulted in 3.8 times more bulk SOC than B0 treatments.
Most of the observed increase in OC content due to biochar application
occurred in the fPOM fraction (52%), followed by the b20 μm (26%) and
oPOM fractions (22%).

Fertilizer type significantly affected OC content in the WEOM and
oPOM (Table 2), with digestate fertilizer resulting in higher OC contents
in both cases. The average OC contents of the mineral fertilizer and bio-
gas digestate treatments, respectively, were 0.19 and 0.20 g OC kg soil−1

for WEOM and 3.6 and 4.0 g OC kg soil−1 for oPOM (Fig. 2). For the b20
μm fraction, a significant interaction between fertilizer type and biochar
applicationwas observed, resulting in an average of 6.9 gOCkg soil−1 for
the combination ofmineral fertilizer and B40 versus 8.3 g OC kg soil−1 for
the combination of digestate fertilizer and B40.

Despite significant changes in the OC content of soil fractions de-
pending on the fertilizer applied, the proportion of the bulk OC in each
fraction was very consistent across both fertilizer types: approximately
15%was stored as fPOM, 2% asWEOM, 37% as oPOM, and 46% in the b20
μm fraction (Fig. 2). However, application of 40 Mg ha−1 drastically al-
tered the distribution of OC among the fractions: compared to the B0
treatment, application of 40 Mg ha−1 biochar increased allocation of
OC in the fPOM fraction from6 to 39% of bulk OC, anddecreased thepro-
portion of bulk OC held in all other fractions.

Cumulative CO2 emissions during the 92-day incubationwere signif-
icantly affected by both incubation temperature and biochar applica-
tion, but not fertilizer type (Table 3). Cumulative CO2 emissions nearly
doubled with a 10 °C increase in incubation temperature, ranging
from 0.25 (M B0) to 0.31 g CO2-C kg soil−1 (M B40) for the 10 °C incu-
bation and from 0.47 (M B0) to 0.56 g CO2-C kg soil−1 (M B40) for the
20 °C incubation (Fig. 3). Cumulative CO2 emissions were also signifi-
cantly affected by biochar application, with an average mineralization
of 0.37 CO2-C kg soil−1 for the B0 and B2 treatments, and 0.43 CO2-C kg
soil−1 for the B40 treatments (Fig. 4). Thus, application of 40 Mg biochar
ha−1 resulted in 280% more bulk SOC, but only a 16% increase in cumu-
lative CO2 emissions.

4. Discussion

4.1. Effects of fertilizer type on aboveground biomass and soil organic car-
bon content

Despite equal levels of N fertilization, the liquid fraction of digestate
produced lower rye AGB compared to mineral fertilizer (9.3 vs.
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10.6 Mg ha−1 on average, Table 2). In contrast, a review by Möller and
Müller (2012) and study by Gissén et al. (2014) comparing the yield ef-
fects of mineral fertilizer versus the liquid fraction of digestate found
that these fertilizers produced similar yields to one another. Crop yield
is relevant to SOC dynamics since aboveground productivity is related
to belowground organic inputs from dead roots, root exudates, and
crop residues. However, despite producing lower AGB compared to
mineral fertilized plots, digestate plots accumulated 5.3% more OC in
the WEOM fraction, 11% more OC in the oPOM fraction, and, in combi-
nation with 40 Mg biochar ha−1, 20% more OC in the b20 μm fraction
on average (Fig. 2). This suggests that the amount and retention of OC
added with digestate was sufficient to compensate for potentially
lower plant-derived SOC inputs.

The OC held in the oPOM and b 20 μm fractions is physically
protected from microbial decomposition, with mean residence times
of years to decades and decades to centuries, respectively (Wander,
2004; Feng et al., 2016). The stabilization of the OC in these fractions
is supported by the lack of a significant effect of fertilizer type on OC
mineralization during incubation, despite significantly larger OC con-
tents of the oPOM and b 20 μm fractions (Fig. 4).

Generally, the fractions more physically stabilized against microbial
decomposition, i.e., oPOMand b 20 μm, are not expected to react quickly
to management changes (e.g., Six et al., 2002). However, the incorpora-
tion of digestate into aggregates andmineral associations observed after
two growing seasons could be a result of transformations to OM during
digestion. Digestate contains partially to highly decomposed plant ma-
terial, with small molecular size, abundant oxygen-containing func-
tional groups, and colonization by microbes and microbial byproducts
(Marcato et al., 2009). These characteristics would increase the reactiv-
ity and solubility of OM, both promoting the formation of aggregates
and mineral-organic associations (Kleber et al., 2015). However, there
was no significant difference in the OC content of any soil fractions sep-
arated by wet sieving collected from the same experimental field in
2016 (4 years after establishment) for the digestate treatment com-
pared to the mineral fertilizer treatment (Greenberg et al., 2019). This
could be explained by the increasing evidence that mineral-associated
OM may be more active than previously thought (Kopittke et al.,
2018), with this fraction serving as a vital source of mineralizable N in
some contexts (Jilling et al., 2018).

4.2. Effects of biochar on aboveground biomass and soil organic carbon
content

In the first season of the presentfield experiment, the co-application
of digestate and 40Mg biochar ha−1 was found by Glaser et al. (2015) to
significantly increase maize AGB compared to the sole application of
digestate or the co-application of 40 Mg biochar ha−1 with mineral fer-
tilizer. However, biochar had no effect on AGB in 2013 or in either sea-
son at an application rate of 1 Mg ha−1 season−1 (Table 2). Positive
effects on biomass were expected in the current field experiment in
northernGermany,where sandy soilwith lowOC content provides little
nutrient- and water-holding capacity to support crop growth
(Greenberg et al., 2019). However, a three-year study also on a sandy
soil in Germany with application of 45 Mg biochar ha−1 with mineral
fertilizer likewise showed no yield effect and only transient benefits to
the chemical and physical properties of soil, though biochar C remained
Fig. 2.Bar plots of the effect of biochar and fertilizer typeonorganic carbon (OC) content of
bulk soil, free particulate organic matter (fPOM), water extractable organic matter
(WEOM), occluded particulate organic matter (oPOM) and the b20 μm fraction. Data are
marginal means ± 95% confidence limits, with different letters indicating significant
differences between biochar (lowercase letters) and fertilizer (uppercase letters)
treatments (n = 5, p ≤ 0.05). For the b20 μm fraction, means ± 95% confidence limits
are given for each treatment combination due to a significant interaction effect between
biochar and fertilizer.

Image of Fig. 2


Table 3
Results of analysis of variance for the effect of row and column in the field, fertilizer type,
biochar application, incubation temperature, and the interaction of the latter three factors
on cumulative CO2 emissions during a 92-day incubation. Model simplification was car-
ried out with stepwise elimination of non-significant factors, independent of design fac-
tors (i.e. row and column).

Df Sum of squares Mean square F ratio p value

Cumulative CO2 emissions
Column 4 0.0189 4.70E-3 10.7 3.4E-6
Row 4 0.0114 2.90E-3 6.50 3.3E-4
Biochar 2 0.0367 0.0184 41.7 5.8E-11
Temperature 1 0.790 0.790 1790 2.2E-16
Residual 45 0.198 4.00E-4

Fig. 4. Bar plots (marginal means ± 95% confidence limits) of the effect of incubation
temperature, biochar, and fertilizer type on cumulative CO2 emissions from a 92-day
incubation. Different letters indicate significant differences between temperature
(uppercase letters) and biochar (lowercase letters) treatments (n = 5, p ≤ 0.05).
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sequestered (Borchard et al., 2014). This suggests that rather than con-
sistently improving the fertility of sandy soil in temperate regions, the
primary benefit of high-temperature biochar is C sequestration.

Increases to bulk SOC content in the present experimentwere signif-
icant in response to application of 40Mg biochar ha−1, but not at the low
application rate of 1Mg ha−1 season−1 for two cropping seasons consec-
utively, which would be more financially feasible for farmers. Research
conducted on loamy soil has found that the vast majority of biochar
remained unaggregated in the soil eight months (Plaza et al., 2016)
and 16months (Herath et al., 2014) after application. Although substan-
tial amounts of biochar remained unaggregated in the present experi-
ment 14 months after application of 40 Mg biochar ha−1 (OC content
of fPOM was 0.41 vs. 8.9 g OC kg bulk soil−1 for B0 vs. B40 treatments),
there was also a significant biochar-derived increase in OM associated
with aggregates andminerals (Fig. 2). For B40 treatments, 52% of the ad-
ditional bulk SOC went to the fPOM fraction on average, while an aver-
age of 22% and 26% of the additional bulk SOC went to the oPOM and
b 20 μm fractions, respectively.

Considering the partitioning of total SOC between the various frac-
tions in B0 versus B40 treatments, the proportion of total SOC allocated
Fig. 3. Cumulative CO2 emissions (means ± standard errors) from 92-day incubations at 10 a
mineral fertilizer; D = biogas digestate; B0 = 0 Mg biochar ha−1; B2 = 2 Mg biochar ha−1; B40
to fPOM increased from 6 to 39% in response to biochar application,
while the allocation of OC to all other fractions decreased (Fig. 2). A
study investigating the partitioning of total OC between WEOM, POM,
and a b20 μm fraction in soil with and without charcoal applied
60 years prior found very similar results to the present experiment, in
which fractionation was performed just 14 months after biochar appli-
cation (Abdelrahman et al., 2018). Both the present study and the study
by Abdelrahman et al. (2018) found charcoal/biochar application in-
creased the OC content of all studied soil fractions besides WEOM. Fur-
thermore, both studies found an increase in the relative proportion of
total SOC content held in POM fractions and decreased proportions
held in b20 μmandwater-extractable fractions compared to soil receiv-
ing no char additions.
nd 20 °C. Lines connecting cumulative CO2 emissions are provided to guide the eye. M =
= 40 Mg biochar ha−1.

Image of Fig. 3
Image of Fig. 4
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The lack of an effect of biochar on OC content of WEOM (Table 2,
Fig. 2) could mean that biochar did not contribute to WEOM
(Kuzyakov et al., 2009), or that it was both adsorbing (Gao et al.,
2017;Mukherjee et al., 2016) and producingWEOM, creating a net neu-
tral effect. The latter may be more likely given that biochar application
significantly increased Cmineralization during incubation, and that sol-
ubilization of OM is a prerequisite to mineralization by microbes
(Marschner and Kalbitz, 2003).

Increased C mineralization following biochar application (Fig. 4) is
corroborated by CO2 emissionsmeasured throughout the third growing
season of the same field experiment (April–August 2014; average sum-
mer temperature of 16.2 °C) (Polifka et al., 2018). Decomposition of bio-
char itself may have been promoted by the relative lack of physical
protection offered by this sandy soil compared to finer, structured
soils (Wang et al., 2016). However, it is also possible that biochar had
a positive priming effect on the decomposition of uncharred OM,
e.g., due to the provision of microbial habitat by biochar (Lehmann
et al., 2011) and biochar-derived increases in soil WHC (Paetsch et al.,
2018) and aeration (Paetsch et al., 2017). Nevertheless, the relative sta-
bility of SOC in the biochar-amended soil is demonstrated by the small
increase (16%) in cumulative CO2 emissions with application of 40 Mg
biochar ha−1 despite an enormous increase (280%) in bulk SOC.

Given the proposed use of biochar as a climate change mitigation
strategy (Smith, 2016), the sensitivity of biochar-amended soils to in-
creased decomposition intensity with increasing global temperatures
is also of interest. According to kinetic theory, biochar should be more
susceptible than unpyrolyzed OM to higher decomposition rates at
higher temperatures because relatively more compounds will reach
the activation energy necessary for decomposition in a recalcitrant OM
source compared to a labile one (Davidson and Janssens, 2006). How-
ever, in the present incubation experiment, substrate-specific tempera-
ture sensitivity was not found: cumulative C mineralization from soils
dominated by pyrolyzed (B40 treatments) and unpyrolyzed (B0 treat-
ments) OM both approximately doubled in response to a 10 °C increase
in temperature (Fig. 3) and no significant interaction effect between the
factors temperature and biochar application on C mineralization was
observed (Table 3). Fang et al. (2014) found that decomposition of bio-
char was either equally or less temperature-sensitive compared to na-
tive SOM, while Grunwald et al. (2016) found biochar-amended soils
were less temperature-sensitive compared to manure- and slurry-
amended soils. These findings are likely due to the involvement of bio-
char in aggregates andmineral associations, which limit the physical ac-
cessibility of enzymes to the substrate, thereby decreasing the
importance of temperature as a determinant of the decomposition
rate (Davidson and Janssens, 2006). Therefore, ourfinding that Cminer-
alization from soils with andwithout biochar was equally temperature-
sensitive suggests that, even in a sandy Cambisol, physical protection of
biochar may be contributing to its C sequestration potential.

Finally, the benefit of combining biochar applicationwith an organic
fertilizer as a means to increase occlusion of biochar into aggregates
(Grunwald et al., 2016) and mineral associations (Plaza et al., 2016)
was observed in this study (Table 2, Fig. 2). However, this benefit will
have to be weighed against potentially lower crop yields achieved by
biogas digestate in comparison to mineral fertilizer.

5. Conclusions

In conclusion, the liquid fraction of biogas digestate derived from
maize silage and applied to a sandy soil under temperate conditions
can be recommended as a means to increase the content of SOC in ag-
gregates (occluded POM) compared to the use of mineral fertilizer. Re-
placement of mineral fertilizer with digestate can therefore contribute
both directly and indirectly to climate change mitigation, since the syn-
thesis and mining of mineral fertilizers is energy-intensive. However,
in-depth lifecycle analysis of these two alternatives is required to deter-
mine the net environmental effects, since lower crop yields from
digestate would counteract these environmental benefits by requiring
more land to produce the same quantity of food or fuel.

Application of high-temperature biochar can also be recommended
as a means to increase SOC content, with about half of the additional
SOC remaining unassociated in the free POM fraction after 14 months
and the other half entering into aggregates (occluded POM) andmineral
associations. However, the low annual application of 1 Mg biochar ha−1

season−1, which would be much more financially feasible for farmers,
did not result in significantly higher OC content of the bulk soil or frac-
tions in the second season of application, demonstrating the difficulty of
documenting SOC sequestration with low application rates under vari-
able field conditions. Given the lack of consistent positive yield effects
in the first seasons after application and the relatively high cost of bio-
char (about 500 EUR Mg−1 when the experiment was initiated (Glaser
et al., 2015)), the use of high-temperature biochar to increase long-
term soil C sequestration under the given field conditions may need to
be supported by compensation for farmers. Finally, co-application of
biochar with an organic fertilizer, such as biogas digestate, can be rec-
ommended as a means to increase the OM associated with aggregates
and minerals in a relatively short time. However, the long-term fate of
this OM needs be clarified with longer-term field experiments.
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