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Abstract. Impacts of biochar application at laboratory scales Biochar, when used as a soil amendment, has been hypoth-
are routinely studied, but impacts of biochar application onesized to provide nutrients for plant growth, counteract soil
decomposition of crop residues at field scales have not beeacidity, or induce positive effects on soil properties such as
widely addressed. The priming or hindrance of crop residuecation exchange capacity, bulk density and water-holding ca-
decomposition could have a cascading impact on soil propacity (Atkinson et al., 2010; Sohi et al., 2010; Dai et al.
cesses, particularly those influencing nutrient availability. 2013). Biochar additions have been theorized to improve
Our objectives were to evaluate biochar effects on field de-=soil biological activity (Paz-Ferreiro and Fu, 2014) and im-
composition of crop residue, using plots that were amendegrove agricultural production in drought and water-stressed
with biochars made from different plant-based feedstocksregions in combination with other water conservation prac-
and pyrolysis platforms in the fall of 2008. Litterbags con- tices (Blackwell et al., 2010; Kammann et al., 2011; Arti-
taining wheat straw material were buried in July of 2011 ola et al., 2012; Ibrahim et al., 2013). Various studies have
below the soil surface in a continuous-corn cropped field inhypothesized, through meta-analysis, that a crop yield im-
plots that had received one of seven different biochar amendprovement of 10-12 % is expected when biochar addition
ments or a uncharred wood-pellet amendment 2.5 yr prior tds made to typically acidic coarse-textured soils (Biederman
start of this study. Litterbags were collected over the courseand Harpole, 2013; Crane-Droesch et al., 2013; Liu et al.,
of 14 weeks. Microbial biomass was assessed in treatmer2013). Biochar may also improve soil structure and reduce
plots the previous fall. Though first-order decomposition ratesoil losses through erosion (Garcia-Orenes et al., 2012; Stavi
constants were positively correlated to microbial biomass.et al., 2012). Regardless of all of these isolated cases of
neither parameter was statistically affected by biochar omoted soil improvements, no universal correlation between
wood-pellet treatments. The findings indicated only a resid-yield improvement and biochar properties has been eluci-
ual of potentially positive and negative initial impacts of dated (Crane-Droesch et al., 2013), which leaves scientific-
biochars on residue decomposition, which fit in line with es- based guidance on its use indeterminate. Despite this, biochar
tablished feedstock and pyrolysis influences. Overall, thesés perceived as a beneficial soil amendment product with
findings indicate that no significant alteration in the micro- multiple advantages (Laird, 2008).
bial dynamics of the soil decomposer communities occurred Biochar can have positive effects on soil biota as well
as a consequence of the application of plant-based biochaigehmann et al., 2011). Addition of biochar might alter prop-
evaluated here. erties that regulate soil organic matter (SOM) decomposition
— which are decomposer organism diversity and abundance,
resource availability, and the physio-chemical environment,
. particularly soil aeration and moisture content (Swift et al.,
1 Introduction 1979; Heal et al., 1997). Microorganisms are the primary de-
composers of SOM. The majority of studies evaluating bi-

Biochar IS the SOI'C! product that comes from a vangty of ological effects of biochars observe positive stimulation of
thermolytic conversion processes creating a carbon-rich M3microbial abundance, which has been correlated with the
terial, which is intended for carbon sequestration purposes.
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improved soil conditions (Lehmann et al., 2011) and theactual chemical composition of the material (Spokas et al.,
concept of biochar being a beneficial habitat for microbes2012).
(Warnock et al., 2007). On the other hand, recent studies have On the other hand, only limited field-based biochar studies
not detected this microbial colonization of biochar (Quilliam have been conducted. Wardle et al. (2008) evaluated mass
et al., 2013; Jaafar et al., 2014). Laboratory studies indicatdoss of humus encapsulated with fresh wood charcoal 1
biochar addition can change resource availability and inducen mesh bags in field plots over 10 years. They observed that
priming effects, which are short-term changes in the mineral-charcoal mixed with humus possessed a greater synergetic
ization of SOM due to stimulated microbial processing (Luo mass loss over the 10 years than expected from charcoal and
etal., 2011; Zimmerman et al., 2011). soil humus alone (Wardle et al., 2008). From the laboratory

Variable effects on residue decomposition dynamics carstudies, fresh biochar appears to prime the decomposition of
be expected when evaluating dissimilar biochars applied tcoil organic matter. In the limited field experiments, biochar
the same or similar soils. Nutrient composition, pH, volatile had a long-term impact on humus decomposition, resulting
components, density, porosity and other characteristics oin overall greater cumulative mass loss over time. Despite
biochar are affected by the feedstock and the conditions othese findings, the impact of biochar on the decomposition
the thermolytic conversion process used (Spokas et al., 201 2f freshly added organic matter, in particular crop residue in
Lee et al., 2013; Sigua et al., 2014). In particular, the solu-agricultural soils, is still unknown.
ble, leachable components also differ among biochars (Jaffé The objectives of this study were to determine (1) whether
et al., 2013). Different biochars can have unique effects orfield-weathered biochar can affect the field decomposition of
composition of the microbial community (Lehmann et al., freshly added crop residue, (2) whether any impact on field
2011). For instance, some biochars might stimulate bactedecomposition rates can be related to biochar feedstock or
ria and others fungi (Steinbeiss et al., 2009). Altered micro-pyrolysis method, and (3) whether microbial biomass was
bial community composition in this sense could have cascadinfluenced by biochar applications. Based on the findings of
ing effects on higher levels of the soil food web that could Wardle et al. (2008), Novak et al. (2010) and others, acceler-
result in significant functionality differences in later years, ated decomposition of freshly added organic material was ex-
such as that observed under different tillage regimes (Henpected in field-weathered biochar plots. We further hypothe-
drix et al., 1986). Further, biochar may alter nutrient avail- sized that there would be differences in observed decompo-
ability (Noguera et al., 2010). In particular for N, biochar sition rates in field plots as a function of biochar type.
may reduce the N limitation that results in slower C mineral-
ization rates (Vitousek and Howarth, 1991).

A majority of studies to evaluate biochar’s impact on or- 2 Materials and methods
ganic matter decomposition have been conducted in the lab-
oratory. Most of these studies use freshly made biochar2.1 Site description and biochar treatments
small amounts of finely ground or sieved organic material,
and short time frames in laboratory incubations. For exam-The research site is located at the University of Minnesota
ple, Novak et al. (2010) determined that a fresh pecan shellResearch and Outreach Center in Rosemount, MN, USA
derived biochar primed the mineralization of 0.25 mm sieved(44° N, 93°W). Soil at the site is a low-slope<(2 %)
switchgrass residues in a 67-day incubation. Similarly, AwadWaukegan silt loam (fine-silty over skeletal mixed, super ac-
et al. (2012) also observed an increased rate of maize residuese, mesic Typic Hapludoll) containing approximately 22 %
decomposition in a laboratory study following biochar addi- sand, 55 % silt, and 23 % clay with a pH of 6.4 and total
tion, with the observed rate a function of the soil texture andorganic C of 26 g kg'. Seven different biochar treatments, a
biochar production temperature (Awad et al., 2013). On theraw biomass (uncharred wood pellet), and a zero-amendment
other hand, Bruun and EL-Zehery (2012) found an insignif- control treatment were applied in triplicate to 27 completely
icant increase in laboratory C mineralization of uncharredrandomized plots in the fall of 2008 (Table 1). The plots
barley straw in the presence of fresh barley straw-derivedmeasured 4.88 m on a side with a 3m buffer zone between
biochar (0.15%w/w), and Zavalloni et al. (2011) also ob- plots. Feedstocks for these biochars were hardwoods, pine
served no significant difference in the degradation of wheatchips, macadamia nut shells, and wheat middlings (or wheat
straw residues in the presence of 5% hardwood biochar. Imidds, which are the by-product from milling wheat), and all
is already known that biochar’s surface chemistry and re-were produced by thermal pyrolysis (Table 1). All biochars
activity changes with time, largely believed due to the re-and the wood-pellet amendment used in the test plots were
activity to oxygen (Puri et al., 1958) and water (Pierce etapplied at a rate of 22.4 Mg hé&(as received), thus provid-
al., 1951) at ambient conditions. These differences in suring total C additions ranging 14.4 to 19.9 Mg CHaSince
face and bulk chemistries can lead to various responses ithese biochars were produced in different pyrolysis units,
microbial mineralization dynamics following biochar addi- they lack the overall relationship between properties and pro-
tions (Liu et al., 2013; Cely et al., 2014), particularly since duction processes (e.g., temperature and residence time) that
the term “biochar” does not contain any information on the have been correlated by previous studies when they use the
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same pyrolysis unit (i.e., Zimmerman, 2010; Masek et al.,fumigated soil minus the pg GAC g~* soil from unfumi-
2013). These non-universal trends have also been observeghted soil divided by an efficiency factor of 0.411 (Ander-
in the chemical composition of volatile matter across differ- son and Domsch, 1978). Some studies have observed im-
ent biochars (Spokas et al., 2011). Amendments were incorpacts of high surface area biochars on the determination
porated into the soil by rotary tillage to a 15 cm depth start-of biomass through chloroform fumigation/extraction proce-
ing in the fall of 2008. After incorporation, plots were an- dures (Durenkamp et al., 2010). Though we hypothesize that
nually planted with corn4Zea mayys and the residue was this effect is minimized since the biochars used in the cur-
managed with spring rotary tillage prior to planting. Fertil- rent study had low surface areas§6 n? g—1), and that the
ization was applied uniformly and annually to all test plots, biochar was exposed to and sorbed DOC in the soil environ-
according to the control plot soil test rates, which amountedment, we chose the incubation technique to measure respira-
to between 100 and 125 kg Na(urea) being broadcasted tion instead of the direct extraction of liberated biomass from
prior to tillage and planting. This fertilization and corn plant- fumigation.

ing occurred prior to residue bag placement. There have

been no observed statistical differences between the yield o#-4 Statistical analysis

corn from the biochar-amended and control plots in any year ) ) .

over the duration of the experiment (2009-2013: unpublishedThe rate of litter mass loss was fit to a first-order decom-

data). position kinetics model (Aber et al., 1990), since this is the
most commonly used kinetic model. The data were fit to the
2.2 Litterbag preparation and processing following decomposition equation:

Freshly harvested and baled wheatiticum aestivunL.) %LMR = 100,

straw was the organic material used in this study. Straw was

cut into 10 cm lengths and included stem nodes but not graivhere % LMR is the percent of litter mass remaining over
or grain heads. Air dry litter weights were corrected to a time for each treatmenk, is the unknown simple first-order
50°C oven dry weight equivalent. Approximately 3:®.3 g decomposition constant, amds time (Karberg et al., 2008).
dry weight equivalent of wheat straw material was placed The decomposition constarit, and 95% confidence inter-
in 15cmx 15 cm fiberglass meshy(1.5 mm) bags. At the vals were determined across the experiment, by treatments
beginning of July 2011 (approximately 45 days after plant- and by replicates within treatments using the non-linear plat-
ing), 10 bags were inserted into 15cm deep vertical slits inform in JMP 10.0 software (SAS Institute, 2012). Percent
the ground along a center transect in each plot. Bags werdtter mass remaining for each sampling week, calculated de-
randomly retrieved after 1, 3, 5, 7, 10 and 14 weeks in thecOMPposition ratek), and microbial biomass were analyzed
field. On week 5 and 14, three replicate bags per plot (ninedy @ one-way analysis of variance (ANOVA) on treatment
per treatment) were retrieved. For all other weeks only ondWider and Lang, 1982) with PROC GLM in SAS 9.2 soft-
bag per plot (three per treatment) was retrieved. Bags werd/are (SAS Institute, 2009), using an= 0.05. Differences of
brushed free of dirt and dried at 5 before processing. Lit- Means were tested with Bonferoni adjustmenp tealues of

ter material was manually cleaned of extraneous dirt, rootdnultiple comparison tests, Tukey's honestly significant dif-
and other visible contaminants. Following this final clean- ference, and with Dunnet's test for comparison to control.
ing, litter was dried again at 5 to obtain final oven dry The correlation between microbial biomass @&nsas deter-
weights. Mass loss was calculated as initial weight minus fi-mined using the pairwise correlation procedure in JMP 10.0
nal weight of individual litterbags. To account for differences Software (SAS Institute, 2012).

in initial weights among litterbags, data were analyzed as a

; N,
percent litter mass remaining (% LMR), where 3 Results

0 . e . _— .
Y LMR=((initial weight—final weight/(initial weight) 100 Despite the short duration of this study (14 weeks), the av-
2.3 Microbial biomass erage mass loss over all the treatments was greater than
50% (Fig. 1). The estimated decomposition constahts,
Soil sampling of the surface 0—10cm in each plot was con-ranges from 7.5 1073 to 9.8x 10~3d~1 (Table 2). Com-
ducted in October 2010 prior to the litterbag decomposi-pared to the control, decomposition rates were stimulated
tion study. Three soil cores were homogenized from eachin the wood-pellet amendment (WP; +18 %) and the fast
plot and sieved to 2 mm. Microbial biomass (ugCgoil) pyrolysis hardwood sawdust biochar (BC1; +18%), 16 %
in all treatment plots was determined by the chloroform faster in the slow pyrolysis pine chip biochar (BC6), and
fumigation-incubation technique (Anderson and Domsch,11 % faster in the slow pyrolysis wood-pellet biochar (BC2).
1978) on 59g of soil, with C® production measured by On the other hand, a decrease in the rate of decomposition
gas chromatography (Koerner et al., 2011). The microbialwas observed in the fast pyrolysis macadamia nut biochar
biomass carbon was calculated as the pg©@ ! soil of (BC7; —10 %). However, the differences in theor % LMR
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Table 2. Decomposition rate constarit, with standard error (SE) and 95 % lower and upper confidence limits (LCL, UCL), modedit
and microbial biomass carbon (MBC) with SE

Treatment k SE 95% 95% r2 MBC SE
(x1073d1) (x103d7} LCL ucCL (Mg (Mg
(x103d1) (x103d71 g 1soil) g1soil)
Control 8.3 0.3 7.5 9.0 0.76 142 19.2
WP 9.8 0.4 8.9 10.7 0.72 835 534
BC1 9.8 0.6 8.6 10.9 0.63 232 31.0
BC2 9.2 0.6 7.9 10.5 0.53 277 64.5
BC3 8.0 0.4 7.1 9.0 0.50 136 10.7
BC4 8.9 0.4 8.0 9.9 0.71 133 19.6
BC5 8.8 0.4 7.8 9.9 0.58 239 54.3
BC6 9.6 0.5 8.5 10.8 0.56 435 48.0
BC7 7.5 0.3 6.7 8.4 0.63 117 24.5
Mean 283 44.3
100 o T~ | — treatments as a whole. Contrary to the hypothesis that py-
g0 L% "o, % rolysis conditions and feedstock are deterministic variables
* e 0.3 o, for biochar, the decomposition dynamics did not display
% ¢ S % 3 distinct overall patterns related to these two variables. Mi-
40 ¢ QQ 5 crobial biomass averaged 283 pgCgsoil, with a high of
. 835+ 53 ug C g* soil for the wood-pellet amendment (WP),
Control WP BC 1 ameanof14219ugCg? so_ll for thg control, and a low of
108 ‘ o 1174+ 25 uC g ! for macadamia nut biochar (BC7) (Table 2).
o, o o, Microbial biomass was not significantly different among the
80 o 2 S o treatmentsg > 0.05). In spite of the lack of statistical signif-
o« 60 3 o icance between treatments, microbial biomass was positively
= 20 jI[ = %0 o g correlated tak, the observed litter decomposition constant,
N with a pairwise correlation coefficient of 0.698 & 0.001).
20
, BC2 BC3 |BC4
100 N o ~ 4 Discussion
80 < : g
& AN . The decomposition rate of wheat straw observed in our con-
60 c\o\\ N % o trol plots was similar to the rate observed by prior studies
40 ¢ % % (Christensen, 1985). Wang et al. (2012) also observed similar
20 decomposition rates in their 2-year study, with degradation
ESE BC 6 BC 7 rates spanning from 3.8 to 8.1¥r. Though particulate mass

can be lost from litterbags over time and other difficulties in
the analysis of litterbag results are encountered (Wider and
days Lang, 1982), similarity of decomposition rates to prior stud-
Figure 1. Average percent litter mass remaining (% LMR), over les and the Condltlon of thg W.heat straw remaml.ng. over the
days of incubation, by treatments given in Table 1. Modeled ex-cours? of the eXPe“m,e”F lndlcatgd that the majority of the'
ponential decay curves are shown for each treatment (broken linedj’aterial was retained inside the litterbag and decomposed in

compared to control (solid line). Bars indicate one standard error ofS!tU- ) ) _
the means = 3 orn = 9; see text). The litterbag method was purposely chosen for its abil-

ity to integrate mesofaunal contributions, a component that

has not been examined in biochar-amended systems, with
were not significant across all treatments due to high spathe microbial dynamics primarily responsible for decompo-
tial variability among replicates, which exists in natural field sition of organic material (Coleman et al., 1999). Thus, the
settings. Therefore, the data contradict our initial hypoth-litterbag evaluation allowed a functional determination of
esis that there would be detectable differences in the obbiochar influence on dynamics of the decomposer commu-
served degradation rates between the biochar and contrality as a whole. Macrofaunal activity was evident at the field

0 20 40 60 80 100 0O 20 40 60 80 100 O 20 40 60 80 100
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plots, in particular as visible surface earthworm activity anding in decreased greenhouse gas production in incubations
castings. However, a macrofaunal sampling established thahat have not been correspondingly observed from field plots
earthworm abundance was not significantly different at the(Castaldi et al., 2011; Suddick and Six, 2013).
time of litterbag placement (Weyers and Spokas, 2011). This Along the same lines, Zimmerman et al. (2010, 2011) de-
would be in agreement with other studies illustrating short-termined a greater effect on soil processes from labile com-
term impacts on macrofaunal activity observed in short-termponents released from freshly added low-temperature py-
laboratory studies (i.e., months) (Domene et al., 2014; Marksolysis biochars made from grass and pinewood feedstocks
et al., 2014), but these short-term effects are not persistentias compared to slow pyrolysis hardwood biochars. Luo et
the field (Domene et al., 2014). This litterbag analysis didal. (2011) also determined that this priming effect declined
not investigate any further impact of biochar application onwith increasing pyrolysis temperatures. Although not statis-
mesofauna activity. tically significant, the somewhat higher decomposition of the
The lack of significant differences in decomposition rateswheat straw in the wheat middlings biochar (BC5) and pine
among the biochar and control treatments indicated that 2.%8hip biochar (BC6) treatments compared to the slow pyroly-
years after application biochar did not result in any statisti- sis hardwood biochars falls in line with these evaluations.
cally significant chronic priming effect for the decomposition  These studies all indicated that sorbed compounds and not
of freshly added coarse wheat residues, since the observetie actual biochar structure were responsible for the impact
differences could be attributed to natural spatial variability. on microbial communities. Though the present study still in-
Our results are in direct contrast to Wardle et al. (2008), whodicated the absence of an effect on microbial biomass and
stated that charcoal maintained an influence on decompostdecomposition rates, the significant correlation between the
tion of soil humus for 10 years. The exact reasons for theseéwo could be a residual of an impact that might have oc-
differences could be related to the fact that the Wardle etcurred when the biochar was freshly added. Regardless, the
al. (2008) study was conducted in an acidic forest soil, wherecurrent data indicated that any potential impact from initial
the liming effect of biochar could play a more critical role application is not likely to last beyond 3 years in the field.
than in our more neutral Midwest agricultural soil. Further- This would be in agreement with current meta-analysis of
more, upon closer inspection of their data, the mass loss ratabe yield improvements of biochar in soil that cannot be di-
of humus versus humus—charcoal mixtures after the first yearectly correlated to any specific biochar property or charac-
appear similar, suggesting that the influence was not continteristic (Crane-Droesch et al., 2013). This further emphasizes
uous but only a carryover effect from the initial impacts. It the need to understand the mechanisms and impacts before
is interesting to note that the highest microbial biomass oc-extrapolating any biochar impact to the field. The positive
curred in the plots with the raw biomass additions, as it iscorrelation between microbial biomass and decomposition
well established that adding a degradable substrate stimuate was notable, particularly as it relates to the low measure-
lates the microbial activity (Hadas et al., 2004). While on ments in the macadamia nut biochar treatment (BC7). Using
the other hand, adding biochar alone has not stimulated th&esh samples of this biochar, a reduction of £L@oduc-
soil microbial community in the longer term-(1 year) due tion rates in the laboratory was found (Spokas and Reicosky,
to the lack of microbial utilization of the biochar (Rutigliano 2009) and correlated to elevated ethylene levels (Spokas et
etal., 2014). al., 2010). Ethylene can inhibit soil microbial processes (Au-
Wardle et al. (2008) cited the absorption of organic com-gustin, 1991; McCarty and Bremner 1991; Wheatley, 2002),
pounds on the charcoal as the leading cause of the increasguiant growth (Deenik et al., 2010), and soil greenhouse gas
microbial activity and enhanced decomposition they ob-production (Spokas et al., 2009). Though weathering in the
served. This hypothesis can be traced back to the early 1950&eld may have reduced the impact of ethylene, such that the
with Turner (1955) suggesting this as a potential explanatiorresults were not significant, the lower decomposition rates
for the increased growth of clover following biochar addi- observed here could be the residual of this earlier impact.
tions. According to Bruun et al. (2011) an incomplete conver- Changes in soil physical and chemical characteristics, such
sion of feedstock into biochar, as would result from a naturalas higher moisture content, reduced soil bulk density and
fire or a fast pyrolysis platform, can leave behind decomposdincreased nutrient availability, have been noted with fresh
able labile material that can sorb to the biochar. The impact obiochar additions (Atkinson et al., 2010; Sohi et al., 2010;
these sorbed volatiles on ash has been reviewed recently bgpokas et al., 2012), though these potential changes from
Nelson et al. (2012). Accessibility to this labile component multiple biochars in field plots are rarely compared (Brock-
might stimulate soil microbial activity, which may have ledto hoff et al., 2010; Laird et al., 2010; Meyer et al., 2012).
the greater turnover of soil C and N observed with fast pyrol-Biochars greater than 1 cm in size are likely to influence soill
ysis biochars in comparison to slow pyrolysis biochars madebulk density, which includes some of the biochars used in this
from the same feedstock (Bruun et al., 2012). These sorbedtudy. These effects may have contributed to the increased
volatiles could be a potential mechanism behind the shortvariability in our results, thus negating our ability to detect
term impacts that have been observed following biochar addifferences.
ditions, such as the impact on microbial communities result-
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5 Conclusions Augustin, S.: Antimicrobial properties of tannins, Phytochem., 30,
3875-3883, 1991.

In this study we evaluated the impact of seven differentAwad, Y. M., Blagodatskaya, E., Ok, Y. S., and Kuzyakov, Y. Y.:

biochars and one non-biochar wood-pellet amendment on Effects of polyacrylamide, biopolymer, and biochar on decom-

the degradation rate of wheat straw in Minnesota field plots. Position of soil organic matter and plant residues as determined

The results indicated that 2.5years after application these Py 14C and enzyme activities, Eur. J. Soil Biol., 48, 1-10, 2012.

biochars had no significant impact on the decomposition ofAWad. Y. M., Blagodatskaya, E., Ok, Y. S., and Kuzyakov, Y.: Ef-
fects of polyacrylamide, biopolymer and biochar on the decom-

freshly added organic residues. The variability in decom- - 12 . ) X o
position rates among the biochars could be correlated to 5\0552:;) gg(z;fr e;:;igegi? Ta'szcﬁlrgi:duﬁf 322 o:;ge;rosltgb|luzatuon
disappearing impacts observed_ With fresh _bio.cha}r (Sorbe%iederman, L. A. an’d Harpole, W. S B;iochar ana its effects on
volatile components), thus providing some indication these pjant productivity and nutrient cycling: a meta-analysis, GCB
slight differences might be limited in duration as the com-  Bjoenergy, 5, 202-214, 2013.

pounds volatilize or are mineralized. Although not statis- Blackwell, P., Krull, E., Butler, G., Herbert, A., and Solaiman, Z.:
tically affirmed here, soil microbial biomass changes were Effect of banded biochar on dryland wheat production and fer-
the most likely drivers of the variability in the decomposi- tiliser use in south-western Australia: an agronomic and eco-
tion rates observed. These observations suggest that a one-nomic perspective, Aust. J. Soil Res., 48, 531-54, 2010.

time biochar application has little potential for chronic influ- Brockhoff, S. R., Christians, N. E., Killorn, R. J., Horton, R., and
ences on degradation rates of freshly applied organic matter. Pavis. D. D.: Physical and mineral-nutrition properties of sand-
Further long-term field studies using charred and uncharred based turfgrass root zones amended with biochar, Agron. J., 102,

feedstocks, fresh and weathered, are necessary to confir 1627-1631, 2010.
this result ! ! y E'ruun, E. W., Hauggaard-Nielsen, H., Norazana, |., Egsgaard, H.,

Ambus, P., Jensen, P. A., and Dam-Johansen, K.: Influence of fast
pyrolysis temperature on biochar labile fraction and short-term
. carbon loss in a loamy soil, Biomass Bioenerg., 35, 1182-1189,
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