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Abstract: The application of biochar to soils is a promising technique for increasing soil organic C
and offsetting GHG emissions. However, large-scale adoption by farmers will likely require the proof
of its utility to improve plant growth and soil quality. In this context, we conducted a four-year field
experiment between October 2010 to October 2014 on a fertile silty clay loam Albeluvisol in Norway
to assess the impact of biochar on soil physical properties, soil microbial biomass, and oat and barley
yield. The following treatments were included: Control (soil), miscanthus biochar 8 t C ha−1 (BC8),
miscanthus straw feedstock 8 t C ha−1 (MC8), and miscanthus biochar 25 t C ha−1 (BC25). Average
volumetric water content at field capacity was significantly higher in BC25 when compared to the
control due to changes in BD and total porosity. The biochar amendment had no effect on soil
aggregate (2–6 mm) stability, pore size distribution, penetration resistance, soil microbial biomass
C and N, and basal respiration. Biochar did not alter crop yields of oat and barley during the four
growing seasons. In order to realize biochar’s climate mitigation potential, we suggest future research
and development efforts should focus on improving the agronomic utility of biochar in engineered
fertilizer and soil amendment products.
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1. Introduction

The challenge of producing more food for a growing world population while also mitigating
climate change demands new solutions for managing agricultural systems [1]. The application of
biochar to soil has received increasing attention as an alternative method for increasing long-term soil
carbon levels while potentially improving soil quality and crop productivity [2]. Biochar is the term
given to charcoal or carbonized biomass when it is used for the purpose of soil carbon sequestration
and for improving soil fertility [3]. Meta-analyses confirm that biochar can improve soil physical and
hydrological functioning [4] and can reduce N2O and CH4 emissions [5,6]. Across multiple studies,
biochar has been shown to increase crop yields on average by 25% in the tropics but has had no effect
in temperate regions [7]. In Norway, biochar application is recognized as one of several methods with
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the potential to significantly reduce the carbon footprint of the agricultural sector [8]. Our previous
investigations using the same biochar and soil used in this study confirm a low annual C mineralization
rate of 0.8% and estimated mean residence time of >100 years for biochar in the soil [9].

While climate benefits of biochar application appear promising, adoption by farmers requires
a demonstration of its safety and, ideally, its benefit in terms of soil quality and crop yield.
Previous biochar agronomic studies have shown that biochar can enhance water retention [10,11],
which is often attributed to the large surface area and intra-porosity of biochar and its ability
to alter inter-pore porosity between mineral soil particles [12]. Biochar has been shown to both
increase saturated hydraulic conductivity (Ksat) in clay soil and decrease it in sandy soil [13,14]
due to biochar either filling pore spaces in sand or opening pore channels in clay [15]. However,
the results from studies on biochar effects on Ksat vary widely according to the soil, type of biochar
used, and amendment rate [4]. Several studies report improvements in soil structure, which is
indicated by increased aggregate stability [11,16,17] and reduced penetration resistance (PR) [18,19].
Once again, the mechanisms involved rely upon interactions between biochar and soil properties.
In clay soils, biochar has been shown to reduce soil tensile strength and the plasticity index (degree of
swelling/shrinkage), but usually requires large application rates [20–22].

The impact of biochar on soil biota has received less attention, but studies to date show increases
in microbial abundance in the short to medium term [23,24]. The effects seem to be more pronounced
in weathered soils where soil organic matter is often a limiting factor [25]. Mechanisms for increases in
microbial biomass and changes in microbial community diversity include direct effects from labile C
fractions present in fresh biochar and/or indirect effects brought about by short-term changes to soil
physio-chemical conditions such as pH [26].

Our study was the first field trial testing of biochar in Norway. The objectives were to assess
the agronomic effects of miscanthus biochar under field conditions over four years and to give
farmers and authorities in Norway insight for the suitability of biochar as a climate change mitigation
method. Our results provide an agronomic context to Reference [9] (where we previously investigated
biochar C stability from the same field site). In the present study, we hypothesized that biochar
could improve soil water retention and alleviate short-term soil water deficits as are common in the
early summer in Norway. This, we proposed, would indirectly lead to increased plant growth and
crop yield. Furthermore, we hypothesized that the relative stability of the biochar carbon would
mean that relatively large amounts of biochar could be added to improve soil physical conditions
without leading to microbial N-immobilization, which is usually the case with the addition of high
C:N organic materials.

2. Materials and Methods

2.1. Field Description and Experimental Design

A field experiment was conducted from September 2010 to October 2014 at the Norwegian
University of Life Sciences (NMBU) field station in Ås, Norway (59◦39′51′′ N 10◦45′40′′ E) (Figure 1).
The field had been used for field research for grain and grass production since the 1950s. Weather data
(Table S1) collected 1.3 km from the field site at the NMBUs weather station.
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chosen as a feedstock because it is a C3 plant with contrasting δ13C to the C4 soil, which was relevant 

for the primary objective of the field experiment as reported in Rasse et al. [9] (i.e. biochar-C stability 
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Figure 1. Biochar field site in Ås, Norway, September 2010. The darkest plots visible are the
BC25 treatment.

The soil is a silty clay loam Albeluvisol (WRB classification) with an average content of 27% clay,
43% silt, and 30% sand. The biochar was produced from Miscanthus giganteous straw by Pyreg
Gmbh (DE) in a continuous slow pyrolysis machine, which is operated on a commercial basis.
Pyreg reported a working temperature range between 500 and 750 ◦C during the production of
the biochar. The biochar was cooled and moistened with water to approximately 35% moisture content
after exiting the pyrolysis reactor.

The experiment was of randomized complete block design with 4 treatments × 4 blocks.
Plots were 8 m× 4 m and buffer areas between blocks were 6 m wide. The four treatments consisted of:
Control (no organic amendments), Miscanthus biochar 8 t C ha−1 (BC8), Miscanthus straw (unpyrolyzed)
8 t C ha−1 (MC8), and Miscanthus biochar 25 t C ha−1 (BC25). Dose units are given in tons C to show
that equivalent amounts of carbon were added in the MC8 and BC8 treatments. Corresponding BC
application rates and mass percent concentrations in the 23 cm Ap soil horizon were 11.4 t BC ha−1

or 0.38% (w/w) for BC8 and 35 t BC ha−1 or 1.16% (w/w) for BC25. Miscanthus was chosen as a
feedstock because it is a C3 plant with contrasting δ13C to the C4 soil, which was relevant for the
primary objective of the field experiment as reported in Rasse et al. [9] (i.e., biochar-C stability over two
years under field conditions). Biochar or Miscanthus straw were applied and raked out on the surface
of the plots in September 2010 and all plots (including controls) were then mouldboard ploughed
to a depth of 23 cm. Mouldboard ploughing resulted in the biochar and straw being distributed in
concentrated diagonal seams in the Ap horizon in 2011 (Figure S1A). Further ploughing and harrowing
in 2012–2014 resulted in more evenly distributed biochar and resulted in a more even distribution
throughout the Ap (Figure S1B) even though biochar patchiness persisted to some degree, which we
discovered by visual inspection of soil during soil sampling campaigns. Tillage operations were the
same across all treatments over the experiment period and consisted of autumn ploughing and spring
harrowing. The field was sown with oat on 9 May 2011, barley on 19 May 2012, and oat on 3 June 2013
and 27 May 2014. Fertilizer (Yaramila ™ NPK 22-3-10, Yara Norge AS, Oslo, Norway) was applied at a
rate of 550 kg ha−1 (110 kg N, 16.5 kg P, and 55 kg K ha−1) on an annual basis at the time of seeding.
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2.2. Soil and Biochar Analysis (Table 1)

For soil pH, 11 g of field moist soil was shaken for 1 hour in 50 mL of distilled water and left
to stand for 3 h before measurement with a pH electrode. Biochar pH was measured with distilled
water using a 1:5 (w/w) ratio. Shaking time was increased to 1.5 h to increase equilibration between
biochar surfaces and the solution [27]. Proximate and elemental analyses and heavy metal content of
biochar were conducted by Eurofins Ost Gmbh (Aschheim-Dornach, Germany), according to standards
DIN5178 (H2O), DIN5179 (Ash), DIN51720 (VM), DIN51734 (FC), DIN51732 (C,H,N), DIN51733 (O),
51724-3 (S), NS EN ISO 11885 (As, Pb, Cr, Ni), NS 4768 (Hg), and NS 4781-1 (Cd). Total N and P,
NO3, and NH4 in soil were measured by the ALS labs, Norway, according to EN-ISO standards.
Plant-available P, Ca, K, and Mg in soil and biochar were measured in-house using the Egners AL
(ammonium lactate) method [28]. The extraction fluid (pH 3.75) was a mixture of ammonium lactate
(0.1 mol L−1) and acetic acid (0.4 mol L−1). Specific surface area for biochar was measured by N
adsorption–desorption isotherms at 77 K using a Micromeritics Tri Star 3000 instrument (Micromeritics
Instrument Corp., Norcross, GA, USA). Before analysis, the samples were dried at 120 ◦C and degassed
overnight in a VacPrep 061 Degasser (Micromeritics Instrument Corp.) at 0.05 mbar and 393 K.
The Brunauer–Emmet–Teller equation was used to calculate the specific surface area [29]. Particle size
distribution of biochar was determined via sieving 285 g and by using a Retsch AS200 (Retsch GmbH,
Haan, Germany) nested machine sieve with eight size fractions between 63 µm and 4 mm. Sieving was
done initially for 3 min at 55 amplitude and then the largest fraction (2–4 mm) was redistributed into
two sieves to make sure that smaller particles were not floating on top of a mass of larger biochar
particles and being prevented from passing through. Then a second 3 min of sieving was repeated.

Table 1. Properties of miscanthus biochar, miscanthus straw (biochar feedstock), and the soil.

Unit Miscanthus Biochar Miscanthus Straw
(Biochar Feedstock) Soil (Spring 2011)

Fixed C %DM 81.10 - -
Volatile matter %DM 7.40 - -

Ash %DM 11.50 3.50 -
Total C %DM 80.00 46.73 2.45

H %DM 1.2 - -
N %DM 0.6 0.20 0.23
O %DM 6.6 - -
S %DM 0.10 0.05 -

C:N Ratio 256.77 233.65 17.45
Total P mg kg−1 1300 80 2900
P-AL mg kg−1 1100 - 106
K-AL mg kg−1 7500 - 86
Ca-AL mg kg−1 4600 - 2058
Mg-AL mg kg−1 640 - 116
Na-AL mg kg−1 360 - 28

Si mg kg−1 - 3.40 -
NO3 mg kg−1 3.32 - 12.10
NH4 mg kg−1 - - 1.50

Fe mg kg−1 1100 - -
Mn mg kg−1 160 - -
Mo mg kg−1 <1.1 - -
Zn mg kg−1 39 - -
Cl mg kg−1 477 - -
B mg kg−1 5.10 - -

BET-N2 m2 g−1 348 - -
pH (±SD, n = 9) (H2O) 7.86 ± 0.05 (n = 3) - 6.39 ± 0.2

EC mS/m 130 - 4.10
∆13C (±SD, n = 3) h −13.60 ± 0.2 −12.38 ± 0.1 −27.13 ± 0.1

H:C (atomic) 0.18 - -
O:C (atomic) 0.06 - -
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2.3. Sampling and Analysis Methods

2.3.1. Soil Sampling

For soil chemical analysis, soil sampling was done using a 2 cm wide soil auger to take 10
sub-samples per plot to a depth of 23 cm. The soil sub-samples were mixed to form one composite
sample per plot. The same method was used for taking soil samples for microbial analysis and were
taken in the summer of 2012.

Bulk density (BD) was measured in 2012 and 2014 with 4 × 100 cm3 metal rings in each plot.
Intact 250 cm3 soil cores were taken (2–9 cm and 12–19 cm) in 2014 for the water retention experiment
and BD. Total porosity was calculated according to the formula below.

Porosity =

(
1− BD

MD

)
× 100 (vol%) (1)

We assumed a material density (MD) of 2.65 g cm−3 for mineral soil and skeletal density of
1.5 g cm−3 for biochar [30,31] and by that adjusted biochar/soil mix density to 2.646 g cm−3 and
2.637 g cm−3 in BC8 and BC25 to account for the lighter biochar particles present. Soil aggregates used
for aggregate stability tests were taken from the Ap horizon of the field in 2015 by using a shovel to
collect a representative 2.5 L bulk sample from each plot. Plant roots, organisms, and soil that was
compacted from the spade were excluded from the sample. Soil aggregates >30 mm were carefully
broken into smaller aggregates by hand and air-dried at 20 ◦C for one week.

2.3.2. Soil Water Content in the Field

Soil moisture content was measured every hour in the growth seasons of 2012 (n = 3) and 2014
(n = 4) using Time Domain Reflectance (TDR) soil moisture sensors (5TM model, Decagon Devices,
Inc., Pullman, WA, USA). One TDR was inserted horizontally in undisturbed soil at 5 cm and 15 cm
depth of each plot. The TDRs were calibrated in the lab using dried soil repacked in 1 liter containers
with and without biochar at known gravimetric and volumetric water contents. Linear regressions
were derived between probe output (mV) and VWC for the control and biochar amended soils BC8
and BC25 and these equations (S.8) were used to correct field measured TDR data.

2.3.3. Soil Water Retention and Pore Size Distribution from Intact Cores

Soil water retention characteristics θ(h) were measured between pF 1–3.2 with the evaporation
method [32] and by using a Ku-pF apparatus (Umwelt-Geräte-Technik GmbH, Müncheberg, Germany).
In the lab, soil cores were saturated with water from below after which two micro tensiometers were
inserted horizontally in pre-drilled holes before being placed on the Ku-pF apparatus. The cores were
weighed automatically every 10 min over 2 weeks whereby the tensiometer reading and sample weight
loss were converted to matric potential (cm head) and volumetric water content (θ) values at each time
step. Available water for the plants was calculated as the difference of θ between field capacity (FC)
(−33 kPa) and the permanent wilting point (PWP) (−1500 kPa). Due to the limited pressure range of
the tensiometers at the dry end of the soil water retention curve (<1000 kPa), θ and matric potential at
the dry end were estimated by fitting observed data to the van Genuchten-Maulem model (VGM) [33]
in R (R Core Development Team, Vienna, Austria). The permanent wilting point was estimated by the
use of a pedotransfer function developed by Reference [34], which calibrated the function based on the
SOM (%), gravel (%), and BD of 192 silty clay loam soil samples from South East Norway.

The high frequency measurements of matric potential and soil water content during evaporation
can be directly related to emptying of water from soil pores of different sizes. Pore size distribution in
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the core samples was estimated by taking the derivative of Theta (pF) and converting pF in pore size
following the equation from Reference [35].

d =
3000
10pF (2)

where d represents the equivalent pore diameter in µm corresponding to a given level of
matric potential.

Using Equation (2), we further estimated the proportion of the soil volume occupied by pores
characterized by d ≤ 3.5 µm and by pores with 3.5 µm < d < 300 µm, noted respectively P < 3.5 and
P = 3.5 to 300.

P<3.5 = θ

(
log(h)

(
3000
3.5

))
(3)

P<300 = θ

(
log(h)

(
3000
300

))
(4)

P3.5−300 = P<300 − P<3.5 (5)

where θ is the volumetric soil water content as a function of the matric potential (pF).

2.3.4. Aggregate Stability

Aggregate size distribution in size classes: <0.6, 0.6–2, 2–6, 6–20, and >20 mm were determined by
dry sieving 2.5 L of air-dried soil for 3 min using a mechanical sieving apparatus, which is described
by Reference [36].

Wet sieving was performed on aggregates from the 2–6 mm size class and by using a wet sieving
apparatus (Eijkelkamp, Giesbeek, The Netherlands) following the method described by Kemper and
Rosenau (1986). The procedure involved placing 4 g of 2–6 mm aggregates (×4 replicates/treatment)
in small sieves and exposing them to intermittent submerging in distilled water for 3.75 min. To avoid
the artefact of premature aggregate breakdown, which can occur when trapped air in dry aggregates is
expelled upon rapid exposure to water [37]. Samples were pre-wetted by exposure to a mist produced
from a consumer electronic humidifier. After wet sieving, aggregates remaining on the sieve were
dried, weighed, and then passed through a set of nested sieves to determine aggregate size classes
>2 mm, 1–2 mm, 0.5–1 mm, 250–500 µm, 125–250 µm, 63–125 µm, and <63 µm to determine the Mean
Weight Diameter (MWD), which was calculated by using the equation below.

MWD =
n

∑
i = 1

D×W (6)

where D is the mean diameter of each size fraction (mm) and W is the proportion of the sample mass
in the corresponding aggregate size fraction. The percentage of water stable aggregates (WSA) was
also calculated as the percentage of aggregates in the 2–6 mm size range remaining on the sieve after
the 3.75 min wet sieving exposure.

To elucidate upon how treatments affected the different aggregate breakdown mechanisms,
further tests were conducted by using the methods of Le Bissonnais, 1996 [38]. In this case,
the main mechanisms of aggregate breakdown, namely breakdown by compression of trapped air
(slaking), breakdown by differential swelling, and mechanical breakdown by raindrop impact and
physio-chemical dispersion are simulated by three tests: fast wetting (for slaking), slow wetting (for
differential swelling), and shaking (for mechanical and physio-chemical dispersion). Aggregates were
also pre-wetted with mist for the slow wetting test following the method mentioned previously.
To evaluate results from all aggregate tests, a comparison was made with an MWD stability index
developed by Le Bissonais [38].
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2.3.5. Soil Penetration Resistance

Soil penetration resistance (PR) was measured in October 2015 from 0–40 cm by using an electronic
penetrometer (2 cm2 cone tip) that continuously logs depth and soil resistance upon probe insertion
(Eijkelkamp Soil and Water, Giesbeek, The Netherlands). Ten measurements were conducted per plot
(5 between tractor wheel tracks and 5 within tractor wheel tracks) to assess to what extent biochar
moderated soil compaction. Soil BD and moisture were also measured (2–7 cm depth) alongside PR
measurements, since these are known to influence PR [39].

2.3.6. Soil Microbial Biomass C and Respiration Potential

Soil microbial biomass C (Cmic) and N were determined by the chloroform fumigation extraction
method [40,41]. Fumigations were carried out for three days in vacuum desiccators with alcohol-free
chloroform. 15 g of soil of both fumigated and unfumigated field moist soils were extracted with 0.5 M
K2SO4 (1:5, w:v). After filtration (Whatman n◦ 42, GE Healthcare Life Sciences, Buckinghamshire, UK),
extracts were analyzed for organic C using a Total Organic Carbon analyzer (LabToc, Pollution and
Process Monitoring limited, Kent, UK). Soil microbial biomass C and N were calculated by dividing
the difference of total extract between fumigated and unfumigated samples with a Cmic extraction
efficiency factor of 0.45 [42] and 0.54 for microbial biomass N [43].

Respiration potential [44] was measured as CO2 accumulation in the headspace (250 mL) of an
amber bottle (Supelco, Merck KGaA, Darmstadt, Germany) from 20 g fresh soil at 15 ◦C in the dark
after an overnight pre-incubation. Gas samples (4 mL) were taken at 0, 120, 150, and 180 min with an
air-tight syringe (Hamilton Model 1005, The Hamilton Company, Reno, NV, USA) and analyzed with
an infrared absorption gas analyzer (EGM-4, PP-Systems, Hitchin, UK). The respiration potential was
estimated by linear regression of CO2-C against time.

2.3.7. Plant Grain and Straw Yields

Grain and straw yields were measured in 2011–2014 by using a field station harvester
(Wintersteiger Nurserymaster elite). The harvested area of each plot measured 1.5 m × 6 m (9 m−2)
and was located in the middle of the 32 m−2 plots so that plot edges were avoided. Grain quality,
as measured by protein and fat content and 1000 grain weight, were measured in 2012 (Barley) and
2014 (Oat) for BC25 and control treatments only. For this, a subsample of 200 g was taken from the
harvested grain from each plot for protein and fat content (via NIR spectrometry using an InfratecTM

Grain Analyzer (Foss Analytics, Hilleroed, Denmark) and 1000 grain weight analysis.

2.4. Statistical Analysis

Statistical analyses were carried out by using packages from R software (The R Foundation
for Statistical Computing, Vienna, Austria) [45] and SigmaPlot v.13. Statistical (Systat Software Inc.,
London, UK) significance was set at α = 0.05 for all analyses. Statistical differences between treatment
means for grain and straw yield, aggregate stability tests, Cmic, Nmic, and respiration potential were
tested with ANOVA and post-hoc multiple comparison of treatments vs. control via the Dunnett’s test
if p < 0.05. The Welch two sample t-test was used to test differences between the mean grain protein
and 1000 grain weight in BC25 and Control. Soil PR was summarized at 5 cm range intervals until
25 cm depth for both within and outside tractor tracks and treatment averages within these range
intervals used for ANOVA. Hourly soil water content measurements from the TDR sensors were
averaged for each day and daily averages were statistically analyzed via two-way repeated measures
ANOVA with treatment and time as factors and Dunnett’s test for post hoc multiple pair comparison
of treatments vs. the control by using SigmaPlot v.13 software. Daily averages were used for statistical
analysis due to our observation that, within day soil, water content did not differ greatly and, therefore,
the use of daily averages represented a simplified approach, which reduced data size and analysis
complexity. For analysis of pore-size distribution, we used the lme4 package from R to perform a
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linear mixed effects analysis of the relationship between the volume of pores of various size and the
manipulated parameters of the experiment (i.e., Biochar amendments and depth). As random effects,
we had intercepts for the plot.

3. Results

3.1. Effects of Biochar on Bulk Density

There were no significant differences between the treatments in soil bulk density and porosity in
2012. However, bulk density was significantly lower by 7% in BC25 in 2014 compared to the control
while the lower dose treatment (BC8) did not differ from the control (Table 2). There was a reduced
standard error in BC25 and BC8 in 2014 compared to 2012. Total porosity was higher in BC25 compared
to the control in 2014 while BC8 did not differ.

Table 2. Bulk density (g cm−3) and total porosity.

BD (1–8 cm) BD (12–19 cm) Total Porosity (%)

2012

Control 1.30 ± 0.02 a - 50.87 ± 0.84 a

MC8 1.19 ± 0.04 a - 54.99 ± 1.32 a

BC8 1.16 ± 0.05 a - 56.33 ± 2.03 a

BC25 1.22 ± 0.07 a - 53.87± 2.56 a

2014

Control 1.30 ± 0.02 a 1.36 ± 0.02 a 49.93 ± 0.66 a

BC8 1.29 ± 0.02 a 1.38 ± 0.03 a 49.67 ± 1.04 a

BC25 1.21 ± 0.03 b 1.26 ± 0.02 b 53.27 ± 0.81 b

Bulk density (BD) ± SE, Sampling density, 2012: n = 4 for each treatment, 2014: BC8 (n = 8), BC25 (n = 13),
control (n = 10), different letters denote statistically significance difference between the treatment and the control
within each depth and year.

3.2. Soil Aggregate Distribution and Stability

Dry aggregate size distribution was not significantly different between treatments (Figure S4).
The air-dry soil aggregates did not separate easily into smaller fractions via machine sieving possibly
due to a moderately high clay content (27%) and hardening during air-drying. There was no significant
differences among treatments for the percentage of 2 to 6 mm water stable aggregates remaining on
the sieves after exposure to wet sieving (p = 0.19).

The addition of unpyrolyzed feedstock (MC8) significantly increased soil aggregate stability in
the clay swelling test (slow wetting) compared to the control (p = 0.049) while biochar treatments had
no significant effect (Figure 2). Across all treatments, only slaking (fast wetting) caused unstable soil
aggregates (Figure 2, Table S2). Neither biochar nor its feedstock buffered the impact of slaking (fast
wetting test) (Figure 2).



Agriculture 2018, 8, 171 9 of 19

Agriculture 2018, 8, x FOR PEER REVIEW 8 of 19 

There were no significant differences between the treatments in soil bulk density and porosity 

in 2012. However, bulk density was significantly lower by 7% in BC25 in 2014 compared to the control 

while the lower dose treatment (BC8) did not differ from the control (Table 2). There was a reduced 

standard error in BC25 and BC8 in 2014 compared to 2012. Total porosity was higher in BC25 

compared to the control in 2014 while BC8 did not differ. 

Table 2. Bulk density (g cm−3) and total porosity. 

 BD (1–8 cm) BD (12–19 cm) Total Porosity (%) 

2012    

Control 1.30 ± 0.02 a - 50.87 ± 0.84 a 

MC8 1.19 ± 0.04 a - 54.99 ± 1.32 a 

BC8 1.16 ± 0.05 a - 56.33 ± 2.03 a 

BC25 1.22 ± 0.07 a - 53.87± 2.56 a 

2014     

Control 1.30 ± 0.02 a 1.36 ± 0.02 a 49.93 ± 0.66 a 

BC8 1.29 ± 0.02 a 1.38 ± 0.03 a 49.67 ± 1.04 a 

BC25 1.21 ± 0.03 b 1.26 ± 0.02 b 53.27 ± 0.81 b 

Bulk density (BD) ± SE, Sampling density, 2012: n = 4 for each treatment, 2014: BC8 (n = 8), BC25 (n = 

13), control (n = 10), different letters denote statistically significance difference between the treatment 

and the control within each depth and year. 
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Figure 2. Aggregate mean weight diameter as influenced by slaking (fast wetting), mechanical force
(shaking), and clay swelling (slow wetting). Error bars = SE for n = 4. Different letters indicate
significant differences between treatments within each test (p < 0.05). n.s. = not significant.

3.3. Soil Resistance to Penetration

Biochar amendments did not significantly moderate soil compaction as measured via the PR
outside wheel tracks (p = 0.4) (Figure 3a) or inside the wheel tracks (p = 0.2) (Figure 3b). Volumetric
soil water content and BD outside of the wheel tracks on the day of PR measurements were 34% ± 2%
and 1.25 g cm−3 for BC25 and 31% ± 2% and 1.30 g cm−3 for the control (not significant). Volumetric
water content and BD were not measured for BC8 and MC8.
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Figure 3. Soil resistance to penetration outside (a) and within (b) harvester wheel tracks on harvested
plots in autumn 2015 (Solid lines are averages from four plots from where five subsamples were
averaged to one measurement per plot, dotted lines are SD). There are no statistical differences between
treatments for measurements taken outside and within wheel tracks.
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3.4. Soil Water Content and Retention

In the 2012 growth season, average volumetric water content (VWC) was significantly higher in
BC25 compared to the control (p = 0.025) while MC8 and BC8 did not differ from the control (Figure 4).
Average volumetric water content for the treatments in 2012 were as follows: BC25 37.10% (±1.05%),
Control 33.42% (±1.21%), BC8 32.37% (±1.21%), and MC8 31.43% (±1.21%). In 2014, only BC25 and
the control were measured and the data revealed only a few days in the growth season (Figure 5) where
VWC was significantly higher in BC25 than in the control plots. This coincided with precipitation
events. A dry period in June and July 2014 (Table S1, Figure 5) caused soil moisture in the top 5 cm of
the control plots to dip below the permanent wilting point (PWP) of 15% VWC while the biochar plots
on average retained moisture above PWP and were approximately 5% points higher than the control
(although not statistically significant). Soil moisture in 2014 remained above the PWP at a 15 cm soil
depth and, therefore, the plant roots had probably enough water reserves at this depth to avoid wilting
(Figure 5).
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Figure 4. Soil volumetric water content in 2012 at 5 cm depth. Solid lines depict the treatment mean
and dotted lines SEM, n = 3. Blue bar graph is daily precipitation in the measurement period. An asterix
(*) above the lines indicates dates when there was a significant difference between BC25 and the control
(only). Otherwise, treatment means were not significantly different at other dates.
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Figure 5. Soil volumetric water content in 2014 for BC25 vs. the control at 5 and 15 cm depth. Solid lines
depict the treatment mean and the dotted lines SEM, n = 4. An asterix (*) above lines depicts dates
when there was a significant difference between treatments. Otherwise, treatment means were not
significantly different at other dates.
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For the soil water retention measurements carried out on intact soil cores, there was a significant
effect from SOM content across treatments on plant available water (p < 0.001) (Figure 6) and a
significant positive correlation between SOM and both FC and PAW specifically in the BC25 treatment
(Figure 6). Across treatments, θsat was positively correlated with SOM and negatively correlated with
BD (Figure 7). Variation in the water retention curve start-points and end-points were greater in BC25
when compared to BC8 and the control (Figure S7). In individual samples where biochar content
was high, the wet end of the soil retention curve was observably influenced (Figure 8). There was no
significant difference between treatments for pore volume in the <3.5 µm or the 3.5–300 µm range.
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3.5. Microbial Biomass C and N and Basal Respiration

Twenty-two months after the treatment application in the field, microbial biomass C, N, and basal
respiration were significantly higher in the MC8 treatment when compared to the control (p = 0.05 and
p = 0.005, respectively) (Figure 9). Biochar treatments (BC8 and BC25) did not differ when compared to
the control for these three measurements.
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Figure 9. Microbial biomass C (A), microbial biomass N (B), and basal respiration (C) measured in soil
samples from each treatment in 2012. ± SE, n = 4. Different letters denote significance p < 0.05 between
treatments and the control.
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3.6. Grain and Straw Yield

Grain yields from MC8, BC8, or BC25 were not significantly different compared to the control
in any of the four years (2011–2014). Straw yields were also not significantly different across all
years (Table 3). The reduced oat yield in 2014 compared to previous years was due to late planting,
which coincides with a dry period (Table S3) and further delays plant growth and establishment.
The quality of the grain, as measured by the weight of a 1000 grains and the protein content, were also
not significantly modified by the biochar treatment (Table 3).

Table 3. Grain and straw yield and grain quality (2011–2014). Values are mean (n = 4) ± SE.
No significant differences between treatment means within each year.

2011—Oat 2012—Barley 2013—Oat 2014—Oat

Grain t ha−1 t ha−1 t ha−1 t ha−1

Control 5.33 ± 0.36 3.76 ± 0.94 4.84 ± 0.16 1.92 ± 0.10
MC8 5.24 ± 0.24 3.77 ± 0.45 4.58 ± 0.17 1.93 ± 0.14
BC8 5.13 ± 0.09 4.07 ± 0.65 4.92 ± 0.24 1.88 ± 0.25

BC25 5.64 ± 0.27 3.96 ± 0.73 4.84 ± 0.11 2.04 ± 0.50

Straw t ha−1 t ha−1 t ha−1 t ha−1

Control 3.10 ± 0.20 1.38 ± 0.19 - 0.99 ± 0.12
MC8 2.65 ± 0.22 1.66 ± 0.05 - 1.01 ± 0.86
BC8 2.96 ± 0.98 1.47 ± 0.25 - 0.94 ± 0.14

BC25 3.06 ± 0.18 1.68 ± 0.12 - 1.03 ± 0.09

1000 grain weight g g

Control - 37.04 ± 0.37 - 32.56 ± 0.54
BC25 - 37.74 ± 0.16 - 33.11 ± 0.31

Grain protein % %

Control - 9.85 ± 0.23 - 9.80 ± 0.44
BC25 - 10.33 ± 0.25 - 9.02 ± 0.33

4. Discussion

4.1. Biochar Suitability as a Soil C Amendment in Reference to Regulations and Standards

Miscanthus biochar was low in heavy metals and complied with the highest quality class (class 0)
set for organic soil amendments under the Norwegian law (Table S3). Total C content was high (80%)
and H:C and O:C ratios (Table 1), and Reference [9] were well below the respective thresholds (H:C 0.6,
O:C 0.4) that characterize biochars thought to be suitable for long term soil carbon sequestration [46,47].
This biochar fulfills the minimum requirements for safety and utility as a material to increase carbon in
agricultural soil. However, this cannot be generalized for other biochars and, thus, future producers in
Norway are recommended to have their products tested in a like manner and compare values against
the industry standards such as the European Biochar [48].

4.2. Biochar Effects on Soil Physical Properties

A biochar application rate of 1.16% (w/w) (BC25) reduced the BD of this silty clay loam by 7%
while 0.38% (BC8) did not differ from the control. Our results concur well with the meta-analysis
of 463 studies by Reference [4] where they calculated an average reduction in BD of 7.6% due to the
biochar application. Between 2012 and 2014, variability in BD among intact BC25 cores decreased,
which suggests that the biochar became more evenly distributed in the soil over time. Evidence of
this can be seen from photographs taken in 2015 compared to 2011 (Figure S1A–C). Reduction in
BD after biochar addition is reported to be due to more than just the dilution of the soil with lower
density biochar [49] and is likely attributable to the irregular-shaped biochar particles altering the
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packing arrangement of mineral soil particles where macropores are formed, which was shown in
Reference [12]. From BD and MD data, we attribute 7% of the reduction in BD to mass dilution and
93% to increased intra-particle and inter-particle porosity caused by a biochar addition in our study.
The increased porosity is the likely explanation for observed increases of θ in BC25 as measured by
TDR in the field in 2012. While there were no statistical differences between treatments for PAW,
we did find that SOM content influenced PAW and that samples high in biochar content increased θ at
the higher matric potential levels. An obvious benefit of greater soil water retention in dry conditions
is an extension of time before which plants experience water deficit stress. Under wetter conditions,
increased water retention can also help to reduce water surface runoff and erosion [50]. However,
one disadvantage may also be a delay in soil drying, which can put soils at risk of compaction if
tractors are driven on wet soils [51].

Biochar did not affect penetration resistance as expected. Penetration resistance tests are used
frequently by agronomists to assess the degree of soil compactness, impediments to root growth,
and surface crusting. Soil compaction is an increasing concern in Norway since it is estimated to
reduce yields by 6% to 20% when compared to optimal soil conditions [52]. Compaction problems
have intensified in recent years due to the wetter soils under a wetter climate [53], outdated drainage
systems, and the increasing use of heavier tractors [54]. In our study, the soil was not excessively
compacted with PR values below 2 MPa, which has been observed as a critical limit for root growth
in a variety of soils [55]. Previous studies such as Reference [56] and Reference [20] have observed
reductions of up to 66% in PR with biochar additions, but these were both in repacked soil cores
at a lab scale and where two to 10 times more biochar was applied when compared to our study.
These amounts may be unrealistic and uneconomic for farmers to apply. Biochar may have more utility
in ameliorating compaction in subsoils where it has been shown to support greater root growth and
water retention [57] provided practical methods are developed to incorporate biochar at lower depths.

Biochar had a limited effect on aggregate stability in our experiment probably due to the fact
that this soil was well aggregated from before with sufficient levels of soil organic matter (~5%),
moderate clay content (27%), and abundant earthworm activity, which are all factors known to
improve soil aggregation [50]. Only the MC8 treatment significantly increased MWD under slow
wetting (Figure 2). This suggests that the labile C in Miscanthus straw and the subsequent promotion
of microbial activity was the primary driver of increased aggregate stability. Similarly, labile C sources
from crop residues have been reported to increase soil aggregation more than changes in soil properties
induced by mulching (Rasse, Smucker, and Santos, 2000) [58]. By contrast, the miscanthus biochar
used for the field experiment is highly stable [9], which probably explains the absence of effect on
microbial biomass and, therefore, the absence of significant effect on soil aggregate stability.

We later identified that some of the 2–6 mm aggregates that were wet sieved from the BC25
treatment were clay encrusted biochar particles appearing to be soil aggregates in the 2–6 mm range
(Figure S4). These washed biochar particles were removed (the washed and ejected biochar from BC25
weighed an average of 1.2% of the aggregate weight and, therefore, did not overly influence the end
MWD result for BC25) from the sample after sieving and, thus, lowered the MWD of BC25. In future
experiments, selecting a larger aggregate size class e.g., 2 to 20 mm would allow for greater occlusion
of larger biochar particles in aggregates. The MWD of aggregates in clay swelling and mechanical
breakdown tests remained over the 1.3 mm threshold of Le Bissonnais’ MWD stability index (Table S2).
Slaking had the greatest impact on aggregate breakdown and was not moderated by the addition of
biochar (Figure 2). Slaking was also reported as the main aggregate breakdown mechanism in biochar
studies conducted by References [11,17]. In the study by Sun and Lu, 2014 [11] very high gravimetric
concentrations of 4% to 6% were needed in order to improve resistance to slaking while a lower biochar
dose (2%) actually increased slaking compared to the control.
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4.3. Effects on Microbial C and N and Basal Respiration

Straw significantly increased microbial biomass and basal soil respiration (lab incubation) while
biochar had no effect. These results are consistent with soil respiration measurements (field chamber
measurements) taken from the same experimental site as this study in 2011 and 2012 and which showed
no significant difference between biochar and control plots [9]. In another study under temperate
conditions, microbial abundance was also unaffected three months after the addition of 30 t ha−1

(approx. 1.2% w/w) Miscanthus biochar [59]. Gomez et al. [24] report that microbial abundance as
estimated by phospholipid fatty acids (PLFAs) only differed from the control at biochar rates >5% (w/w)
and not at 1%, which suggests that high application rates of biochar are needed to affect microbial
biomass in soils. A similar trend was observed by Reference [60] where biochar applications between
5–10% w/w in soil significantly increased microbial activity (substrate induced respiration and basal
respiration) but not so for 1% and 2.5%. A 5–10% w/w concentration in laboratory soil incubation
equates to field application rates of 150–300 t ha−1, which is unrealistically high for a single application
and would be too expensive for farmers to apply without significant carbon subsidies [61]. The limited
microbial response from the addition of significant amounts of carbon to the soil supports the claim
that biochar-C is difficult for microbes to use as an energy source and provides a means to store more
carbon in soil without having to simultaneously add extra amounts of N to satisfy plant and microbial
needs. Increasing biochar C application by three times (BC8 vs. BC25) did not lead to any difference in
Microbial N, which confirms the high stability of this biochar C as reported in Rasse et al. [9].

4.4. Grain Yield and Quality

As biochar is a material with high C content, some farmers may be concerned that adding large
amounts to their soils (the amount of biochar in BC25 applied in our experiment is 10 times that of
yearly straw produced from the same land area) may lead to a microbial immobilization of N and, thus,
reduce plant yields. While some studies have shown short-term N immobilization that restricts plant
growth [62,63], we did not observe this under field conditions over four years where even the higher
BC treatment did not reduce grain, straw yields, and grain protein or increase Microbal C or N. A lack
of yield response after the biochar amendment concurs with other studies in boreal and temperate
regions. Reference [64] found no yield differences in wheat or faba bean after applying spruce and pine
biochar at 10 t ha−1 in a three-year field experiment in Finland and a similar absence of yield effect
was found in a two-year field ring trial carried out in seven different countries in Northern Europe [65].
However, increased hay grass yield was observed in the two last years of a three-year field trial in
Wales [66]. Jones reports that yield increases were attributed to increased water holding capacity
from the biochar during a dry spring planting season. Short-term dry periods are also common in
the Norwegian spring and we hypothesized that the extra water holding capacity of biochar would
translate to higher crop yields. This, however, was not the case for this loamy soil, which had a
sufficient amount of available water for plants throughout the season, which was observed from TDR
measurements at 15 cm. In general, biochar is expected to increase agricultural productivity when
it alleviates a limiting factor for plant growth such as water stress or soil acidity [67]. The extent to
which biochar can do this depends on the type of biochar, the soil environment, and the cropping
system. The absence of a yield response to biochar in our study suggests that none of these factors
were a constraint to production in our field. However, other soils in Norway with reduced water
holding capacity might benefit from the addition of biochar. Sandy soils characterize 10–15% of the
agricultural soils in the main grain growing counties and up to 30% in irrigated vegetable growing
counties in Norway [68] and could be a potential target area for future biochar applications and testing.
With regard to grain quality, the unchanged levels of grain protein in our study concurs with the results
from Reference [65] where six of the seven countries participating in a two-year field trial reported no
significant differences in grain protein in biochar amended plots (20 t ha−1) when compared to the
control. We participated as one of the seven countries in a field adjacent to the one used in the current
study and, in 2012, the barley grain yield or quality did not differ between biochar and control.
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5. Conclusions

Application of pure Miscanthus biochar at 8 and 25 t ha−1 to a clay loam did not increase crop
yields over four years in a temperate climate even in the 2014 season when biochar contributed to
greater soil water content during a prolonged dry spell. One of the aims of our study was to see whether
there were sufficient soil improvement benefits of applying biochar (apart from carbon sequestration),
which would encourage farmers to use it. We observed that there was higher plant available water
with greater amounts of added biochar but no differences in aggregate stability. Microbial activity or
Microbial N were not significantly stimulated by either biochar at low (BC8) or high (BC25) application
rates, as compared to straw, which confirms that microbial immobilization due to a high-C substrate
was not a concern with this Miscanthus biochar. This means that it is technically possible to add
significant amounts of biochar to agricultural soil to increase soil C and mitigate climate change
without it negatively affecting grain yields. However, without yield increases or subsidies for carbon
sequestration, there would be little incentive for farmers to use biochar until revenues exceed costs.
Therefore, in order to realize the biochar’s climate mitigation potential, we suggest future research and
development efforts should focus on improving the agronomic utility of biochar in the engineered
fertilizer and soil amendment products.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/8/11/171/s1,
Figure S1: (A) Images of concentrated seams of biochar in soil profile caused by inverse ploughing of surface
applied biochar. (B) Image of biochar distribution on soil surface in April 2012; Figure S2: Aggregate size
distribution from machine dry sieving; Figure S3: SEM images of fresh Miscanthus biochar showing the porous
surface and irregular shape; Figure S4: SEM image of weathered Miscanthus biochar collected after 5 years of
field incubation. Evidence of partial clogging of surface micropores with soil particles; Figure S5: Approximately
15 g of 2–6 mm sized aggregates placed in small sieves prior to pre-wetting and wet sieving; Figure S6: Illustrative
evidence of “Biochar patchiness” or “hot spots” in field samples; Figure S7: Water retention curves for each
intact soil core in each treatment and depth with corresponding SOM content for each soil core; Figure S8:
Linear regression equations for calibrating the TDR sensors; Table S1: Mean air temperature (◦C) and monthly
precipitation (mm) in Ås, Norway for four growing seasons (2011–2014) compared with normal (1961–1990)
monthly averages; Table S2: Classes of stability and crustability, according to MWD values (reprinted with
permission from [38]); Table S3: Maximum limit for heavy metals under Norwegian law for soil improvement
materials of organic origin.
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