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Abstract

Pyrogenic organic matter (PyOM) decomposes on centennial timescale in soils, but the processes regulating its decay

are poorly understood. We conducted one of the first studies of PyOM and wood decomposition in a temperate forest

using isotopically labeled organic substrate, and quantified microbial incorporation and physico-chemical transfor-

mations of PyOM in situ. Stable-isotope (13C and 15N) enriched PyOM and its precursor wood were added to the soil

at 2 cm depth at ambient (N0) and increased (N+) levels of nitrogen fertilization. The carbon (C) and nitrogen (N) of

added PyOM or wood were tracked through soil to 15 cm depth, in physically separated soil density fractions and in

benzene polycarboxylic acids (BPCA) molecular markers. After 10 months in situ, more PyOM-derived C (>99% of

initial 13C-PyOM) and N (90% of initial 15N-PyOM) was recovered than wood derived C (48% of 13C-wood) and N

(89% under N0 and 48% under N+). PyOM-C and wood-C migrated at the rate of 126 mm yr�1 with 3–4% of PyOM-

C and 4–8% of wood-C recovered below the application depth. Most PyOM C was recovered in the free light fraction

(fLF) (74%), with 20% in aggregate-occluded and 6% in mineral associated fractions – fractions that typically have

much slower turnover times. In contrast, wood C was recovered mainly in occluded (33%) or dense fraction (27%).

PyOM addition induced loss of native C from soil (priming effect), particularly in fLF (13%). The total BPCA-C con-

tent did not change but after 10 months the degree of aromatic condensation of PyOM decreased, as determined by

relative contribution of benzene hexa-carboxylic acid (B6CA) to the total BPCA C. Soil microbial biomass assimilated

6–10% of C from the wood, while PyOM contributions was negligible (0.14–0.18%). The addition of N had no effect

on the dynamics of PyOM while limited effect on wood.
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Introduction

Pyrogenic organic matter (PyOM), a product of incom-

plete combustion of biomass (Goldberg, 1985), is ubiq-

uitous in soils (Schmidt & Noack, 2000) and can

account for up to 45% of total soil organic carbon (SOC)

(Bird et al., 1999; Schmidt et al., 1999b; Skjemstad et al.,

2002; Lehmann et al., 2008; Rovira et al., 2009). In recent

years, PyOM has received considerable interest by

researchers, in part, because of its potential relevance to

the carbon (C) cycle of terrestrial ecosystem (Schmidt

et al., 2011). Climate change projections predict an

increase in the wildfire frequency and intensity in

temperate and boreal regions (Westerling et al., 2006;

Moritz et al., 2012), which would increase the inputs of

PyOM to soils. The addition of PyOM to soils could

also constitute a method for sequestering C (Lehmann

et al., 2006; Deluca & Aplet, 2008), if its residence time
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in soil were sufficiently longer than its precursor bio-

mass. However, many uncertainties remain about the

dynamics of PyOM C and nitrogen (N) in soils includ-

ing in situ PyOM turnover rates, degradation pathways

and stabilization mechanisms (Knicker, 2011; Singh

et al., 2012).

Most wood decomposition studies estimate decay

rates as either mass loss or density change per unit time

(Chambers et al., 2001). These studies have estimated

yearly to decadal turnover time for fine woody debris

and litter (Abbott & Crossley, 1982; Busse, 1994; Clark

et al., 2002; Guo et al., 2006; Zell et al., 2009; Fasth et al.,

2011). Degradation rates of pyrolyzed wood are slower

than its initial precursor biomass and becomes even

slower with increasing pyrolysis temperatures (Baldock

& Smernik, 2002). The slow decomposition of pyro-

lyzed wood, and pyrogenic matter in general, has been

attributed to changes in physical and chemical struc-

ture, including an increase in the degree of aromatic

condensation as the pyrolysis temperature increase

from 200° to 600 °C (Baldock & Smernik, 2002;

Keiluweit et al., 2010; Schneider et al., 2010; Zimmer-

man, 2010; Chatterjee et al., 2012).

In the last decade, studies on PyOM degradation in

soils based on field (Bird et al., 1999; Hammes et al.,

2008; Nguyen et al., 2008) and incubation studies

(Baldock & Smernik, 2002; Hamer et al., 2004; Kolb

et al., 2009; Kuzyakov et al., 2009; Hilscher & Knicker,

2011; Santos et al., 2012) challenges the view that PyOM

persists in soils for millennia (Schmidt & Noack, 2000).

A recent synthesis of current knowledge of PyOM deg-

radation in soil estimated turnover times on centennial

scales (Singh et al., 2012). In addition to losses via min-

eralization, PyOM is also vertically mobile in mineral

soil (Skjemstad et al., 1999; Dai et al., 2005; Rumpel

et al., 2006; Brodowski et al., 2007) and can eventually

be lost from soil by leaching (Shinogi et al., 2003; Hock-

aday et al., 2006; Cheng & Lehmann, 2009; Major et al.,

2009b; Abiven et al., 2011). PyOM dissolution from soils

could therefore be an important translocation mecha-

nism in the terrestrial system.

Recent research on soil organic matter (SOM) con-

cludes that long-term persistence of SOM, that is, on

centennial scales, depends on its inaccessibility to

microorganisms, such as through organo-mineral inter-

actions (Von L€utzow et al., 2006; Schmidt et al., 2011).

PyOM interacts with the soil mineral phase (Glaser

et al., 2000; Brodowski et al., 2006; Cheng et al., 2006;

Cheng & Lehmann, 2009) and has been posited to act as

a binding agent for soil aggregates (Brodowski et al.,

2005a). Vasilyeva et al. (2011) observed that 70% of

PyOM was associated with the dense fraction

(>2 g cm�3) under 55 years of fallow management (fire

suppression) in the Streletzkaya steppe (Russia), and

suggested its stabilization by clay micro-aggregation.

These studies indicate that aggregation and mineral

interactions may be important mechanisms for stabiliz-

ing PyOM in soil. However, we do not know when and

to what extent such stabilizing mechanisms occur dur-

ing the PyOM decomposition pathway.

Atmospheric N deposition has increased in recent

decades and is predicted to further rise (Galloway et al.,

2008). This is important because C and nitrogen (N)

cycles are closely linked at all scales and interact in

many ways and therefore cannot be considered sepa-

rately (Norby, 1998). N addition has decreased (Fog,

1988; Turunen et al., 2004; Waldrop et al., 2004; Janssens

et al., 2010), increased (Mack et al., 2004; Waldrop et al.,

2004; Bragazza et al., 2006), or had no effect on (Knorr

et al., 2005) SOM decomposition rates. There are fewer

studies on the effects of increased N on wood and

PyOM decomposition. These studies observed

increased (Micks et al., 2004; Wal et al., 2007; Allison

et al., 2009; Bebber et al., 2011) or level (Mccoll & Pow-

ers, 1998) decomposition rates for wood, with no effect

on PyOM (Santos et al., 2012).

Recent observations showed that C mineralization

rates for native SOM could be influenced from PyOM

addition to mineral soils (i.e. priming effect). However,

the direction of this priming effect is under debate.

PyOM has been shown to inhibit (negative priming)

(Jones et al., 2011), have no effect (Hilscher et al., 2009;

Kolb et al., 2009; Kuzyakov et al., 2009; Abiven &

Andreoli, 2010; Santos et al., 2012), or increase native

SOM mineralization rates (positive priming) (Steinbeiss

et al., 2009; Zimmerman et al., 2011). Moreover, in an

incubation study using different types of PyOM, Zimm-

erman et al. (2011) observed a change in priming effects

from positive to negative with time. Several mecha-

nisms have been proposed to explain these contradic-

tory priming effects associated with added PyOM,

including (i) differences in the physicochemical state of

PyOM in different soils (Santos et al., 2012), (ii) encap-

sulation and/or sorptive protection of SOM by PyOM

(Zimmerman et al., 2011), (iii) nutritional competition

and balance between r and K strategist microbial popu-

lation (Fontaine et al., 2003), or (iv) changes in microbial

community structure (Blagodatskaya & Kuzyakov,

2008). For wood-amended soil, only a few studies

reported positive priming effects on SOM mineraliza-

tion (Sulzman et al., 2005; Crow et al., 2009) or no prim-

ing effect (Santos et al., 2012).

No reported field studies have compared the C and

N dynamics of PyOM and its precursor biomass during

its decomposition in soil. To evaluate the potential of

PyOM as a long-term C sink in soil as compared to its

precursor biomass, we conducted a field study to quan-

tify the fate of added 13C/15N labeled PyOM and its
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precursor biomass (Pinus ponderosa wood) to a forest

soil during 10 months, in situ. To determine the effect

of added inorganic N on PyOM and wood dynamics in

soil, we experimentally manipulated N deposition to

half of the plots by adding ammonium nitrate

(NH4NO3) at (+60 kg N ha�1 yr�1). The objectives of

our study were to (i) determine recovery of C and N

from PyOM and its precursor wood in soil (0–15 cm)

after 10 months; (ii) quantify the vertical movement of

PyOM and wood C and N in the soil profile; (iii) inves-

tigate the main stabilization mechanism for PyOM

and/or wood by determining the partitioning of PyOM

and wood C and N within operational-defined SOM

fractions; (iv) determine chemical changes in PyOM,

both in quality and quantity in comparison to initial

input, and (v) assess the effect of N treatment on the

decomposition dynamics of PyOM and wood in soil.

Materials and methods

Field site

The experimental site is a mixed, beech-dominated temperate

forest, located 20 km northwest of Zurich, CH (47°28′40.8′N,

8°21′55.2′E) on the south-facing slope of L€ageren Mountain

(eastern-most part of the Jura Mountain range) at 680 m above

sea level. The mean annual temperature is 8.4 °C, and mean

annual precipitation is 930 mm (Ruehr & Buchmann, 2010).

The soil at the site is classified as a Cambisol (F.A.O.-

U.N.E.S.C.O., 1998). Chemical and physical properties of the

soil (0–10 cm) are presented in Table 1. Soil volumetric mois-

ture content and soil temperature were monitored every

30 min at two depths (5 cm and 10 cm below the surface)

within each field replicates, using soil moisture temperature

sensors (ECH2O-TE/EC-TM, Decagon Devices, Pullman, WA,

USA) connected to a data-logger. Soil moisture in the field site

ranged from 20 to 50%, while temperatures ranged from 0 to

25 °C (at 5 cm depth) during the first year of the study.

Experimental design

The experiment is located within a forest gap created by a nat-

ural windthrow (in 1999), which has been subsequently

mowed to maintain open conditions. The site was chosen to

provide similar micro-climatic conditions to a post-fire gap.

The experimental setup was a randomized block design, hav-

ing the factorial combination of three types of organic inputs

(i.e., pinewood, PyOM, and no input as control) and two treat-

ment levels of N (ambient = N0 and added N = N+) with

three field replicates (n = 3) per treatment combination. The

ambient, natural N deposition at the field site was estimated

to be 20 kg N yr�1 ha�1 (Kloeti et al., 1989). The N+ treatment

corresponds to a level of ca. 80 kg N yr�1 ha�1

(60 kg N yr�1 ha�1 added to the ambient N deposition). The

wood used for the study was primary stem biomass from two-

year-old Pinus ponderosa saplings grown under controlled T
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greenhouse conditions and labeled with 13CO2 and 15NO3
�

(Bird & Torn, 2006). PyOM was obtained by charring the

labeled wood at 450 °C for 5 h under N2 flux according to

Hammes et al. (2006). The chemical characteristics of both

labeled wood (13C = 2.05 atom% and 15N = 4.3 atom%) and

PyOM (13C = 2.03 atom% and 15N = 4.2 atom%) are described

in Santos et al. (2012). The C and N elemental composition of

wood was 499 g kg�1 and 4.3 g kg�1, respectively. For PyOM,

C concentration was 799 g kg�1 and N was 7.1 g kg�1. The

structure of the PyOM and wood is detailed by magnetic reso-

nance, mid-infrared spectroscopy and mass spectrometry in

Chatterjee et al. (2012). The wood and PyOM were uniformly

labeled (Yarnes et al., 2011; Santos et al., 2012). Both wood and

PyOM were ground (<2 mm) prior to soil addition.

In each plot, we inserted 20 cm long and 10 cm diameter

mesocosms (polyethylene tubes, smoothed at the top and

sharpened at an angle at the bottom) into the soil up to a

depth of 15 cm from the surface. Each mesocosm had two

4 cm diameter windows (at 7.5 cm and 12 cm distance from

the bottom and aligned at 120º to one another), fit with

0.7 mm stainless steel mesh to allow fungal hyphae and some

fine roots to penetrate the core and limit lateral movement of

the added substrate (Bird & Torn, 2006). Mesocosms were

placed >1 m from large trees and >0.5 m from the adjacent

mesocosms. In April 2009, the mesocosms were installed at

the field site and allowed to equilibrate for 180 days before

the addition of the organic inputs.

In October 2009, 13C and 15N enriched-wood and PyOM

were applied to the mesocosms at a rate of 189 g C m�2 for

wood or 397 g C m�2 for PyOM, at 2 cm soil depth and mixed

gently with 1–2 mm of mineral soil. The PyOM application

rate was based on a previous estimate of PyOM inputs to soil

after a fire in a similar forest type (Eckmeier et al., 2007b). The

amount of wood was based on estimation of twig and other

wood contribution to the litter (Kammer & Hagedorn, 2011;

Jones et al., 2011). Unamended-control mesocosms were simi-

larly disturbed to those that received wood or PyOM. Begin-

ning in March 2010, 11.4 mg of NH4
+NO3

� dissolved in 10 ml

of water was added monthly for 10 months (equivalent to

60 kg N ha�1 yr�1) to increased N (N+) treatment mesocosms,

while an equivalent amount of distilled water was added to

ambient N (N0) treatment mesocosms.

Soil sampling and analysis

We sampled the intact mesocosms (n = 18) 10 months after

the PyOM or wood additions to the soil mesocosms. The soil

within the mesocosms was separated immediately into

0–5 cm, 5–10 cm, and 10–15 cm depth. Soil fauna, stones

(>2 mm), and roots (>2 mm) were manually removed and

stored separately. Soil subsamples were air-dried and ball-

milled for physico-chemical analysis. Soil water content was

determined by drying 1 g of soil (n = 3) at 105 °C for 24 h.

Microbial biomass analysis (chloroform fumigation extraction

method) was performed immediately after sampling on fresh

soil (Vance et al., 1987). Total C and N contents in soil samples

were determined with a CHN elemental analyzer (EA 1108;

Carlo Erba, Cornaredo, Italy). The soil pH values were

measured on air-dried soil at mass-to-volume ratio of 1 : 2.5

(soil : water ratio) (Jackson, 1958).

Soil organic matter fractionation

We used a density fractionation approach to partition SOM

into three main pools that differ in their main stabilization

mechanisms and turnover times. For each fraction, we quanti-

fied the 13C and 15N excess from added PyOM or wood to

assess the distribution of PyOM and wood into discrete physi-

cal fractions as a means for identifying mechanisms such as

organo-mineral interactions. In our study, the free light frac-

tion (fLF) was separated using a density of 1.6 g cm�3 (Glaser

et al., 2000; Cerli et al., 2012) and the occluded light fraction

(oLF) was separated after gentle ultrasonic dispersion using a

sonifier (Bandelin Sonoplus HD 3400; Berlin, Germany; cali-

brated according to Schmidt et al. (1999a). We applied

250 J ml�1 of disruptive energy per sample. This rate was

based on analysis of oLF yield and C content across a disper-

sive energy range (0–300 J ml�1, data not shown). For the

density fractionation, a subsample (10 g) of air-dried sample

(0–5 cm) was suspended in 50 ml of 1.6 g cm�3 sodium poly-

tungstate (SPT) solution (TC-Tungsten compounds), the sus-

pension was allowed to settle for 1 h and centrifuged (3237 g,

30 min; Heraeus Megafuge 1.0, Newport Pagnell, UK). The

floating material (≤1.6 g cm�3) was collected as fLF on a glass

microfiber filters with 1.5 lm particle retention (934-AH,

Whatman, Maidstone, UK), washed thoroughly with deion-

ized water to remove any SPT (conductivity of supernatant

water <50 lS cm�1) and freeze-dried. The remaining pellet for

each sample was resuspended in SPT and treated with ultra

sonification (250 J ml�1) to destroy aggregates. The suspension

was allowed to settle for 4 h, followed by centrifugation

(3237 g, 30 min). The oLF (<1.6 g cm�3) was collected similarly

as above on glass microfiber filters and washed thoroughly

with deionized water (conductivity of supernatant water

<50 lS cm�1). The remaining dense fraction (DF) was washed

until the SPT was removed completely (conductivity of super-

natant water <50 lS cm�1). The DF was not further separated

via physical fractionation into sand or clay/silt fractions. It is

considered a heterogeneous mixture of organic matter in dif-

ferent types of association with minerals (i.e., denser than

1.6 g cm�3). Some part of organic matter present in DF could

be uncomplexed organic matter in sand sized separates. The

density fractions (fLF, oLF, DF) were ball-milled to homoge-

nize the samples. C and N concentration was measured with

an elemental analyzer (EA 1108; Carlo Erba) and 13C and 15N

was measured using an isotope ratio mass spectrometer

(IRMS) (Delta S, Thermo Finnigan, MAT, Bremen, Germany).

The recovery of C and N was calculated based on the amount

of C and N present in 0–5 cm depth soil after 10 months.

Benzenepolycarboxylic acid (BPCA) analysis

The BPCA molecular marker method was employed to quan-

tify and characterize the PyOM before and after its addition to

the soil (Glaser et al., 1998; Brodowski et al., 2005b; Schneider

et al., 2010). Subsamples (400–500 mg) of PyOM-amended

© 2013 John Wiley & Sons Ltd, Global Change Biology, 20, 1629–1642
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air-dried soil (0–5 cm, n = 3) and PyOM (30–40 mg) were

pre-treated with 4 M trifluroacetic acid (4 h, 105 °C) to remove

Fe and Al, followed by conversion of PyOM into BPCAs by

nitric acid oxidation (8 h, 170 °C). The digested extract was

further purified using cation-exchange resin to remove any

polyvalent cations. The extracts were freeze-dried and subse-

quently derivatized into trimethylsilyl derivatives to be ana-

lyzed on a gas chromatograph (Agilent 6890, Palo Alto, CA,

USA) equipped with a flame ionization detector and a DB-

5MS capillary column (50 m 9 0.2 mm i.d., 0.33 lm film

thickness). Each analysis was performed in triplicate. The

acids with 3, 4, 5, and 6 carboxyl functions (B3CA, B4CA,

B5CA, and B6CA, respectively) were identified and summed

up to represent the total amount of pyrogenic molecular

markers in the PyOM.

Microbial biomass by chloroform fumigation direct
extraction

Moist soil, equivalent of 20 g of oven-dried soil (105 °C,
24 h), was fumigated with alcohol free chloroform in desicca-

tors for 24 h in the dark (Vance et al., 1987). The fumigated

soil and an equivalent amount of non-fumigated soil for each

sample was then extracted using 1 M KCl (1 : 5 soil solution

ratio) for 1 h, filtered (Whatman GF 934-AH; Whatman), and

extracts stored at –20 °C until analysis. The total organic C

(TOC) in fumigated and non-fumigated extracts were ana-

lyzed using a TOC analyzer (TOC-V; Shimadzu Corporation,

Kyoto, Japan). A conversion factor of 0.45 (Kc) (Wu et al.,

1990) and 0.68 (Kn) (Shen et al., 1984) was applied for incom-

plete extraction for microbial C and N, respectively. PyOM

could adsorb lysed cells and may influence microbial bio-

mass recovery (Durenkamp et al., 2010; Liang et al., 2010).

Nevertheless, the amount of PyOM C contributing to total

SOC is inversely correlated to the extraction efficiency (Liang

et al., 2010). In this study, the applied PyOM C contributed

to 11% of total SOC and therefore, adsorption of lysed micro-

bial biomass on PyOM is assumed to be negligible. The d13C
and d15N of extracts were analyzed on freeze-dried extracts

using IRMS (Delta S, Thermo Finnigan) (Murage & Voroney,

2007).

The d13C (&) of soil microbial biomass C (SMB-C) was esti-

mated as the d13C of the C extracted from the fumigated sam-

ple in excess of that extracted from the non-fumigated sample,

using Eqn (1) (Murage & Voroney, 2007),

d13C ¼ ðd13Cf � Cf Þ � ðd13Cnf � Cnf Þ
ðCf � Cnf Þ ð1Þ

where Cf and Cnf were the amounts of C extracted from the

fumigated and non-fumigated samples (lg C g�1 dry soil)

and d13Cf and d13Cnf were the 13C natural abundance of the

fumigated and non-fumigated extracts (%), respectively.

The soil under no treatment (control plots) was taken as the

reference, and the proportion of labeled substrate-derived-C

in SMB was calculated using Eqn (2),

fC�substrate;% ¼ dtreated�microbes � dcontrolmicrobes

dsubstrate � dcontrolmicrobes

� �
ð2Þ

where dtreated-microbes = d13C value of SMB extracted from the

substrate-treated mesocosms, dsubstrate = 842& for wood and

800& for PyOM, and dcontrol microbes = d13C the value of SMB

extracted from the control mesocosms.

Calculations

The amount of labeled substrate-C (or N) (PyOM and wood)

recovered in the bulk soil and density fractions was calculated

for each mesocosms using a two end-member linear mixing

model Eqns (3) and (4) (Bernoux et al., 1998),

fsubstrate ¼
dsoil sample � dcontrol soil
dsubstrate � dcontrol soil

ð3Þ

Amount of substrateC orN ;% ¼ C orNsampleð%Þ � fsubstrate;

ð4Þ
where fsubstrate is the fraction of substrate in the soil, dsoil sample,

dcontrol soil, dsubstrate is isotopic value (either d13C or d14N, &) of

soil sample, corresponding control soil within field replicates,

and substrate (PyOM or wood), respectively. C (or N) is the

amount of C (or N) in% of the soil sample.

To calculate excess 13C or 15N values in soil and microbial

biomass, we used Eqn (5) (Dawson et al., 2002),

Excess 13C or 15N ¼ atom%sample � atom%background

100
� CorN

ð5Þ

where Excess 13C or 15N (lg g�1 dry soil for microbes) is

the total amount of 13C or 15N added by labeled PyOM or

wood to soil or microbial biomass, atom%sample is the atom

% of soil or microbial biomass in substrate-treated sample,

and atom%background is the atom% of soil or microbial bio-

mass in the control treatments averaged over three plots. C

or N is the total organic C or N content of soil (g kg�1 soil)

or microbial biomass (lg g�1 dry soil).

To estimate the potential migration rate of substrate-C in

the soil profile, we use Eqn (6)

Migration rateinput�C ¼ dmax

t
ð6Þ

where dmax (mm) is the maximum depth where PyOM was

recovered below its application depth after time t (in years).

We estimated dmax as 10.5 cm based on the recoveries of

PyOM and wood at depth 10–15 cm (average of 12.5 cm as

soil was homogenized) and application depth at 2 cm below

the surface.

Statistical analysis

We performed an analysis of variance (ANOVA) using SPSS

(IBM-SPSS statistics 20.0 package for Mac, Armonk, NY, USA)

to determine the effect of the different input treatments and

the two levels of N application, and the interactions between

the two factors at different depths (0–5 cm, 5–10 cm, and 10–

15 cm). Differences in the relative contribution of individual

molecular markers and BPCA-C (g kg�1 OC) at t = 0 and
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t = 10 months were tested with independent t-test, when the

data were normally distributed (Shapiro–Wilk test), and non-

parametric Mann–Whitney U-test when the normality test

failed. Levene’s test for equality of variance was used to deter-

mine homogeneity in the data, and significance test was used

accordingly. We considered differences between treatments

with P ≤ 0.05 as significant.

Results

Total C and N and recovery of substrate-C or N in the
topsoil

We observed no change in soil total C in mesocosms

(0–15 cm) due to different organic inputs or N

(P > 0.05, n = 3), except in wood-amended soil under

the N+ treatment which had a significantly higher total

C than N0 at 0–5 cm depth (P = 0.007). Including all

depth and across all N treatments, we recovered

99.6 � 0.2% of the initial 13C-PyOM and 48.3 � 4.4% of

the initial 13C-wood after 10 months (Table 2). Most of

the 13C-PyOM (95 � 1.7% for N0 and 96.5% �1.4% for

N+) and 13C-wood (40.0 � 13.2% under N0 and

44.5 � 1.4% under N+) were recovered between 0 and

5 cm. Both PyOM-C and wood-C were recovered at the

depth 10–15 cm, indicating vertical movement with a

migration rate of 126 mm yr�1 and 3–4% of PyOM-C

and 4-8% of wood-C migrated below the incorporation

depth of 2 cm (Table 2). Given the three depth intervals

of sampling, the migration rate of PyOM and wood C

could range between 100 mm yr�1 to 150 mm yr�1. We

observed no effect of the N treatment on either on the

vertical movement (amount or rates) or C recovery of

wood or PyOM.

Similarly, total soil N in mesocosms was not affected

by added PyOM, wood or from added N. We recovered

>90% of applied 15N-PyOM, mainly at the application

depth (0–5 cm; Table 2). The recovery of 15N-PyOM

across all N treatment (93.6 � 2.2%, n = 6) in meso-

cosms was significantly lower than 13C-PyOM

(P ≤ 0.05). More wood-15N was recovered in meso-

cosms under ambient N levels (88.5 � 6.4%) than with

elevated (N+) levels (48.0 � 6.0%, Table 2).

Soil organic matter fractions

The average recovery of C and N of bulk soil across all

treatments (n = 18) after density fractionation was

88.8 � 2.9% of total C and 84.8 � 2.6% of the total N,

respectively (Table 3). The loss of C and N is due to

mobilization into SPT solution or as dissolved organic

C and N during washing of density fractions with

water to remove SPT, which were discarded during the

process. After density fractionation, we recovered on

average all of 13C-PyOM (100 � 3.7%, n = 6) and 15N-

PyOM (100 � 6%, n = 6), but recovery of 13C-wood

(72.0 � 9.7%; n = 6) and 15N-wood (70 � 14%; n = 6)

was highly variable. The recovery of 13C-wood was sig-

nificantly lower than 13C-PyOM (P ≤ 0.05), while
15N-wood recovery was highly variable among repli-

cates, leading to no significant difference in 15N-PyOM

recoveries. The recoveries of PyOM and wood C and N

are expressed as% of the amount recovered in the bulk

soil between 0 and 5 cm depth after 10 months.

For all treatments, most of the SOC was in the DF.

The C concentration and C : N ratios of density frac-

tions increased in the order DF < fLF < oLF (Table 4).

Relative to the unamended control, the C : N ratio of

both PyOM and wood-amended soil was significantly

higher (P ≤ 0.05) in fLF and oLF density fractions,

while DF had similar values to the control soils across

Table 2 Recovery of applied 13C/15N-labeled wood or PyOM and excess 13C and 15N in the soil at depths of 0–5 cm, 5–10 cm, and

10–15 cm and bulk soil, 10 months after application. The initial C : N ratio of added PyOM was 110 and wood was 115. Different

letters in the same column (within the same depth) are significantly different (P ≤ 0.05)

Substrate

Soil depth

Bulk soil

Excess 13C, mg kg�1 soil

0–5 cm 5–10 cm 10–15 cm 0–5 cm 5–10 cm 10–15 cm

13C-substrate recovered (% of the applied after 10 months)

Wood, N0 40.0 (13.2)a 6.5 (3.9)a 1.6 (0.9)a 48.2 (4.6)a 14.7 (5.3) 2.0 (1.1) 0.5 (0.3)

Wood, N+ 44.5 (5.1)a 2.1 (0.3)a 1.8 (0.9)a 48.4 (8.8)a 14.5 (3.0) 0.7 (0.1) 0.5 (0.2)

PyOM, N0 95.1 (1.7)b 3.1 (0.9)a 1.1 (0.7)a 99.4 (0.3)b 64.0 (8.5) 1.5 (0.3) 0.5 (0.2)

PyOM, N+ 96.5 (1.4)b 2.3 (0.7)a 1.1 (0.9)a 99.9 (0.4)b 71.2 (5.8) 1.5 (0.5) 0.5 (0.4)

15N-substrate recovered (% of the applied after 10 months) Excess 15N mg kg�1 soil

Wood, N0 78.2 (3.8)a 7.1 (2.8)a 3.1 (0.8)a 88.5 (6.4)a 0.9 (0.05) 0.1 (0.02) 0.03 (0.01)

Wood, N+ 35.1 (7.5)b 7.8 (0.8)a 5.1 (2.0)a 48.0 (6.0)b 0.4 (0.12) 0.1 (0.00) 0.05 (0.03)

PyOM, N0 81.5 (2.6)a 6.1 (2.0)a 2.0 (1.0)a 89.2 (0.4)a 2.0 (0.32) 0.1 (0.04) 0.03 (0.02)

PyOM, N+ 89.2 (2.3)a 5.8 (0.9)a 2.7 (0.2)a 97.7 (3.0)a 2.4 (0.21) 0.6 (0.46) 0.05 (0.01)
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all treatments. The important contribution of PyOM

(22% of total C in fLF and 7% of total C in oLF was

PyOM C) and wood (5% of total C in fLF and 3% of

total C in oLF-C was wood C) in these fractions

explains their higher C : N ratio. We did not observe

any significant effects of N treatment on the C : N

ratios in density fractions across treatment.

The distribution of PyOM-C and wood-C among the

density fractions after 10 months of their application

was not similar (Fig. 1). Under ambient N, PyOM-C

was recovered on average (n = 3) mostly in the fLF

(70.2 � 4.8%) followed by oLF (22.7 � 3.9%), while

wood C was recovered mostly in oLF (42.6 � 21.5%)

and fLF (39.4 � 20.8%). The DF showed least recovery

for both organic-input C under ambient N but wood C

(14.6 � 9.4%) recovery in DF was double as compared

to PyOM C (7.1 � 1.2%). A similar trend was observed

in the increased N treatment for PyOM C with

77.4 � 2.2% in fLF, 17.3 � 1.9% in oLF and

5.4 � 0.9%. Wood C under increased N treatment,

however, showed maximum recovery in the DF

(38.6 � 5.4%) followed by fLF (38.0 � 11.5%) and oLF

(23.3 � 9.3%). Added N resulted in significantly

higher wood C recovery in DF as compared to wood C

recovery under ambient N (F = 9.6, P = 0.02) and

PyOM C recovery under increased N treatment

(F = 18.3, P = 0.003).

In PyOM-amended soils, across all N treatments

(n = 6) we observed a decrease of 13 � 3% in fLF,

4 � 3% in oLF and 0.2 � 0.3% in DF in native soil C

concentration (priming effect – Fig. 2). Native soil C

concentration in wood-amended soils did not show a

significant change in fLF (4.5 � 4.6%, P = 0.061) or oLF

(3.3 � 3.5%, P = 0.068). Under the added N treatment,

wood-amended soil showed a significant increase in

the DF-C (0.7 � 0.3%, P = 0.04) and bulk soil

(1.3 � 0.3%, P = 0.01) with respect to zero. Added N

did not affect native SOC content or interact with

PyOM effects on SOC content (Fig. 2). Native soil

organic N showed little modification in either wood or

PyOM-amended soil.

PyOM quality and quantity using BPCA marker
molecules

The BPCA-C content of the labeled PyOM used in this

study was 145.9 � 6.8 g BPCA-C kg�1 OC (without

using any conversion factor) and is similar to standard

PyOM produced at 450 °C (Schneider et al., 2010). The

BPCA-C content of the labeled PyOM mixed with soil

(1:137 PyOM: dry soil mass ratio that corresponds to

the application rate at 0–5 cm depth) at time t = 0 was

28.7 � 2.6 g BPCA-C kg�1 OC. Ten months after

PyOM addition to soils, total BPCA-C content in the 0–
5 cm depth was not significantly different than at t = 0

(28.5 � 2.6 g BPCA-C kg�1 OC for N0 and 23.7 � 14 g

BPCA-C kg�1 OC for N+, P > 0.05).

We observed a significant increase in benzene tetra-

carboxylic acids (B4CA, P = 0.004) and a significant

decrease in benzene hexa-carboxylic acids (B6CA,

P = 0.023), and therefore a shift in the relative contribu-

tion of individual molecular markers after 10 months

(Fig. 3). We did not observe any significant change in

Table 4 Total yield (% of soil), total C and N in SOM fractions (g kg�1 fraction) and bulk soil (g kg�1 soil) from 0 to 5 cm depth.

Values correspond to the mean (n = 3) and values between brackets correspond to SE

Treatments

Density Fractions (g cm�3)

Bulk soilfLF oLF DF

Yield C N Yield C N Yield C N C N

Wood, N0 1 (0.1) 299 (21) 9 (0.8) 1 (0.3) 393 (17) 12 (0.5) 98 (0.3) 20 (2) 2 (0.1) 30 (5) 2 (0.3)

Wood, N+ 3 (0.2) 296 (14) 10 (0.5) 2 (0.3) 404 (8) 14 (0.5) 99 (0.5) 32 (2) 2 (0.2) 48 (2) 3 (0.2)

PyOM, N0 2 (0.5) 394 (19) 8 (1.6) 2 (0.3) 421 (27) 13 (2.2) 96 (0.9) 21 (2) 2 (0.2) 41 (6) 2 (0.3)

PyOM, N+ 3 (0.2) 387 (32) 8 (0.1) 3 (0.3) 428 (5) 14 (0.5) 95 (0.5) 23 (3) 2 (0.2) 45 (3) 3 (0.2)

Control, N0 1 (0.2) 288 (28) 11 (0.3) 2 (0.1) 393 (9) 15 (0.3) 97 (0.2) 24 (2) 2 (0.2) 36 (4) 2 (0.2)

Control, N+ 1 (0.2) 297 (13) 11 (0.3) 2 (0.3) 405 (1) 16 (0.5) 97 (0.5) 24 (3) 2 (0.1) 36 (2) 3 (0.1)

Table 3 Total C and N recovery of bulk soil and added sub-

strate after density fractionation. Values correspond to the

mean (n = 3) and values between brackets correspond to SE

Treatments

Total C recovery, % Total N recovery, %

Bulk soil

Added

substrate Bulk soil

Added

substrate

Wood, N0 88.6 (18) 78.8 (1) 93.0 (17) 45.2 (14)

Wood, N+ 91.4 (4) 67.4 (17) 85.0 (5) 94.7 (14)

PyOM, N0 88.4 (1) 102.5 (10) 83.0 (2) 103.9 (10)

PyOM, N+ 90.4 (3) 106.3 (2) 85.2 (2) 97.8 (9)

Control, N0 86.1 (7) 85.5 (2)

Control, N+ 88.2 (3) 77.6 (5)
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the relative proportion of either benzene tricarboxylic

acids (B3CA) or benzene penta-carboxylic acid (B5CA)

and no significant effect of added N on BPCA distribu-

tion patterns.

Microbial C and N

Microbial biomass C (lg per g dry soil) was unaffected

by addition of wood or PyOM after 10 months in the

mesocosms (Table 4). Microbial biomass C declined

significantly with increasing depths (0–5, 5–10 and 10–
15 cm) averaged across all treatments (P < 0.05).
13C-wood contributed 6–10% of microbial biomass, two

levels of magnitude higher than from 13C-PyOM

(between 0.14 and 0.18% PyOM-13C).

Microbial biomass N (lg per g dry soil) decreased

with increasing depth from 0 to 5 cm to 10 cm to 15 cm

(Table 4), except for wood-amended soil under N0

treatment. In the 0–5 cm depth, microbial biomass N

increased (P = 0.09) with added N in wood-amended

soil (51 � 17 lg N g�1 dry soil under N0 and

89 � 5 lg N g�1 dry soil under N+), while PyOM

showed an opposite trend (94 � 51 lg N g�1 dry soil

under N0 and 64 � 30 lg N g�1 dry soil under N+)
but it was not significant (Table 5). Despite the highly

labeled material used in this study, the 15N signal was

not detectable from added PyOM.

Discussion

Loss of PyOM and wood by decomposition and
downward migration in soil

We recovered >99% PyOM-C but only half of wood-C

in the soil mesocosms after 10 months in situ averaged

across all treatments, which is consistent with the

Fig. 2 Relative changes of native SOC among SOM fractions (fLF, oLF and DF) and bulk soils 10 months after addition of 13C/15N-

labeled wood or PyOM, expressed as differences from control plots. The error bars represent SE, n = 3.

Fig. 1 Distribution of 13C excess derived from wood or PyOM among soil organic matter (SOM) fractions (fLF: free light fraction; oLF:

occluded light fraction and DF: dense fraction) 10 months after organic substrates application to the soil. SOM fractions shown are from

0 to 5 cm soil depth. The values correspond to the mean (n = 3) and the bars to the SE.
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results from the same site for wood (Kammer &

Hagedorn, 2011; Jones et al., 2011). The loss of pine

wood C corresponds to annual to decadal turnover

times, which is similar to that estimated by a 180 days

laboratory incubation of the same wood in two Alfisols

of different parents material (Santos et al., 2012) and by

a 1 year litter experiment using 13C labeled twigs

(Beech tree, 1–8 mm) in the same field study area

(Kammer & Hagedorn, 2011; Jones et al., 2011).

In the present field study, the mean difference of

PyOM stocks over 10 months was approximately 1% of

the amount added, but this difference was not signifi-

cant so we did not estimate a turnover time of PyOM.

Nevertheless, we can conclude that PyOM decomposed

much slower than the plant biomass from which it was

derived after pyrolysis. Several field and laboratory

studies have found PyOM turnover times on centennial

scale (Singh et al., 2012). Our results provide in situ

confirmation of the relative rates reported by previous

laboratory studies. (Baldock & Smernik, 2002; Hilscher

& Knicker, 2011; Santos et al., 2012).

We recovered 3–4% of applied PyOM below the

application depth (0–5 cm) suggesting downward ver-

tical movement of PyOM. Leifeld et al. (2007) estimated

migration rate of 630–1160 mm yr�1 in a peat soil with

very low bulk density where 21–69% migrated below

the incorporation depth in 95 years. Compared to the

previously cited study, the soil here was denser, more

clayey and so probably less favorable to organic matter

transfer through the profile. Nevertheless, the amount

of translocated PyOM to lower depth in the present

case was higher than Major et al. (2009a) who observed

100 mm yr�1 migration rate in a sandy Oxisol under

native savanna vegetation with only 0.45% of applied

amount. Therefore, translocation of PyOM to lower

depth in the present case could either be due to soil fau-

nal mixing (Carcaillet, 2001; Topoliantz & Ponge, 2003;

Eckmeier et al., 2007a) or leaching. The downward ver-

tical movement could either result in its accumulation

at lower depths (Skjemstad et al., 1999; Dai et al., 2005;

Rumpel et al., 2006; Brodowski et al., 2007) or loss from

soil as dissolved organic carbon (DOC) (Hockaday

et al., 2007; Dittmar et al., 2012; Ding et al., 2013). On

the other hand, we observed that wood C translocated

to lower depths is double (4–8%) in comparison to

PyOM C. Transport of wood-C into deeper soil hori-

zons usually occurs as DOC (Yano et al., 2005; Zalamea

et al., 2007). This could partly explain the larger amount

of wood being translocated to deeper soil profile.

Quality of PyOM changes within one year in soil

After 10 months in soil, the total BPCA-C content of

PyOM was unchanged, but the proportion of various

BPCAs had changed. Aromatic condensation, measured

as the relative contribution of B6CA to the total BPCA-C

(Brodowski, 2005; Schneider et al., 2010), decreased after

10 months, suggesting that PyOM partially degraded

into smaller aromatic moieties. In contrast, Hammes

et al. (2008), in a field study, observed a relative increase

Fig. 3 Relative contributions of individual benzene polycarboxylic acids (BPCA) marker molecules (left, y-axis as bars) and total

BPCA-C contents (right, y-axis as circles) in fresh PyOM, PyOM mixed with soil before (t = 0) and 10 months after the experiment

started under ambient N (N0) and increased N (N+) treated soils. Different letters indicate significance difference (P < 0.05). The values

correspond to the mean (n = 3) and the bars to the SE; B3CA, benzene tri-carboxylic acid; B4CA, benzene tetra-carboxylic acid; B5CA,

benzene penta-carboxylic acid; B6CA, benzene hexa-carboxylic acid.
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in the B6CAmolecular marker after 100 years in situ (no

absolute change) suggesting relative preservation of

condensed aromatic structures. Moreover, Schneider

et al. (2011) found no change in the BPCAs pattern in a

100-year chronosequence. It is not clear yet if the

changes in the relative contribution of various BPCAs

could be linked directly to decomposition mechanism.

Abiven et al. (2011) observed an increase in the B3CA at

the expense of B5CA between a fresh and a 10 year aged

PyOM while Brodowski (2005) also observed similar

results in an incubation study on the decomposition of

PyOM. The dominance of B3CA and B4CA indicates

small aromatic cluster size (Schneider et al., 2011) and

indicates depolymerization of the highly condensed

aromatic backbone of PyOM. These previous findings,

together with our data, suggest that PyOM in soil

degrades by the breaking of condensed aromatic struc-

tures into smaller clusters, at least within the first stages

of degradation after the input of PyOM to the soil.

PyOM was physically associated with the soil mineral
fraction after 10 months

About one third of the applied PyOM C was recovered

in aggregates (i.e., oLF) plus dense fraction of soil

within 1 year. Studies of the ambient distribution of

PyOM in soil fractions, in other words, in soils collected

from sites without intentional addition of PyOM also

find significant portion of PyOM in these fractions (Gla-

ser et al., 2000; Brodowski et al., 2006; Laird et al., 2008;

Liang et al., 2008; Vasilyeva et al., 2011). However, these

studies do not report the temporal scale over which

aggregation and/or organo-mineral interaction of

PyOM with soil occurs, as they have no data for PyOM

inputs to these soils. This study highlights, for the first

time, that significant interaction between PyOM and

the mineral phase of soil can occur in situ within a year.

Glaser et al. (2000) posit that interaction of PyOM and

soil mineral phases might stabilize PyOM by aggrega-

tion and organo-mineral associations. As one mecha-

nism, oxidation of PyOM surface has been

hypothesized to favor its interaction with the soil min-

eral phase (Brodowski et al., 2006). It was, however, not

possible to directly link oxidized forms of PyOM to a

specific interaction with soil minerals that led to recov-

ery of PyOM in the dense fraction. Moreover, the pres-

ence of PyOM in DF does not mean that all of it was

stable organo-mineral associates; PyOM in the DF

could also occur as an uncomplexed sand fraction.

PyOM accelerated the loss of native C from fLF

We observed positive priming in the free particulate

native C pool in soil (i.e., in the fLF) by both PyOM andT
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wood, with significantly larger priming by PyOM than

wood of native SOC in the fLF. However, there is no

consistent effect of PyOM on native SOC across the

literature. For example, Santos et al. (2012) did not

observe priming in SOM using the same substrates but

different soils in an incubation study, which indicated

that the type of soil has an influence on priming effects

rather than the organic substrate itself. In a recent study

under controlled conditions, Stewart et al. (2013)

observed an exponential relationship between initial

SOC and cumulative soil C primed by PyOM addition

with high negative priming at low soil C% and positive

priming at high soil C%. Our study, for the first time,

indicated which pool of SOM is affected due to priming

by organic input. The native SOM associated to the

minerals was not affected by the input while the SOM

that was free or occluded in aggregates decreased sig-

nificantly within few months.

One property supporting priming is PyOM’s porous

structure which is known to sorb organic substrates

(Raveendran & Ganesh, 1998; Sudhakar & Dikshit,

1999; Accardi-Dey & Gschwend, 2002; Kwon & Pigna-

tello, 2005; Chen et al., 2008) and may offer favorable

microsites for microorganisms and shelter them against

soil faunal predators (Pietik€ainen et al., 2000). If so, the

physical effects of PyOM amendments could increase

microbial activity and lead to increased mineralization

of readily decomposable substrates such as the fLF.

However, we were not able to detect a change in micro-

bial biomass (see No change in microbial biomass), and

further research is needed to develop a predictive

understanding of the temporal course of priming-type

effects.

No change in microbial biomass

Pyrogenic organic matter addition had no effect on

SMB-C 10 months after addition to the soil mesocosm.

Bruun et al. (2008) observed a similar lack of effect in

soil treated with PyOM (14C-labeled roots of barley).

On the contrary, Steinbeiss et al. (2009) observed a

reduction in microbial biomass in soil to which charred

glucose had been added to a forest soil in an incubation

study after 4 months. Several studies observed

increased microbial biomass and activity in soil (Steiner

et al., 2008; Kolb et al., 2009; Bruun et al., 2011) within

days to few months after PyOM addition or higher

SMB-C in PyOM rich soils compared to control or adja-

cent soils with no PyOM (Liang et al., 2010). Our study

was comparatively longer than the studies cited above

(10 months vs. a couple of weeks) and therefore we

cannot exclude the possibility that the microbial bio-

mass could have increased in the first few weeks after

PyOM addition and reverted to its initial value over

time. Moreover, this study is the case of a single input

of PyOM to the soil without a real wildfire and there-

fore its effect on the soil properties and consequently

on microbial biomass is not similar to PyOM rich soils.

In addition, the inconsistency in the response of micro-

bial biomass to PyOM treatment in soil may be attrib-

uted to type of PyOM used that differed in the degree

of condensation, intensity of pyrolysis and amount of

precombustion material present in various studies

(Zavalloni et al., 2011). PyOM could have influenced

the extraction efficiency but in our study it is not likely

that it would have resulted in a major change, as the

amount of PyOM used was small as compared to total

SOC. Our results suggest that, under these conditions,

the total microbial biomass is not durably affected by

the substrate addition.

We observed a small amount of PyOM-C within the

microbial biomass 10 months after organic inputs to

soil, as did Bruun et al. (2008) and Zavalloni et al. (2011).

Kuzyakov et al. (2009) and Kolb et al. (2009) observed

a higher assimilation of PyOM (1.5–2.6% of initial PyOM

input) by microbial biomass after 624 days of incubation

compared to our 10 months field study. In all these

studies, the amount of PyOM incorporated into the SMB

was large enough to be detected clearly, and hence

indicate that microbes can utilize PyOM as a C source.

Effect of N fertilization

The addition of N had little impact on the parameters

considered in this study. Under the added N treatment,

we observed a significant increase in the total C content

at 0–5 cm depth in wood-amended soil, higher loss of

wood-N, a higher transfer of wood derived C in the DF

and a higher N content in the microbial biomass. How-

ever, these changes are limited and affect the C and N

cycles only marginally. These results are in line with

Santos et al. (2012). However, the effect of N addition is

often seen in the longer term and these results need to

be validated for longer periods.

Summary and environmental implications

The novel use of a dual isotope label for PyOM and

wood in this field study provided insight into the

dynamics of PyOM and wood C and N during the first

year after its application to soil. The PyOM C was

almost completely retained in the soil, although there

was a small but significant change in the overall chemi-

cal structure of PyOM. In contrast, 48% of the initial

amount of wood C was lost. Our results showed that

PyOM persistence in soil need not solely be due to its

chemical structure, as one third of the PyOM C was

quickly incorporated into physically protected fractions

© 2013 John Wiley & Sons Ltd, Global Change Biology, 20, 1629–1642

DYNAMICS & STABILIZATION OF PYOM IN SOILS 1639

https://www.researchgate.net/publication/264824983_Effect_of_Charcoal_Quantity_on_Microbial_Biomass_and_Activity_in_Temperate_Soils?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/256853987_Biological_degradation_of_pyrogenic_organic_matter_in_temperate_forest_soils?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/240547438_Kinetics_of_endosulfan_sorption_on_to_wood_charcoal?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/240547438_Kinetics_of_endosulfan_sorption_on_to_wood_charcoal?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/236678002_Microbial_mineralization_of_biochar_and_wheat_straw_mixture_in_soil_A_short-term_study?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/231181158_Co-generated_fast_pyrolysis_biochar_mitigates_green-_house_gas_emissions_and_increases_carbon_sequestration_in_temperate_soils?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/230238078_Application_of_biochar_to_soil_and_N2O_emissions_Potential_effects_of_blending_fast-pyrolysis_biochar_with_anaerobically_digested_slurry?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/227703028_Charcoal_as_a_habitat_for_microbes_and_its_effect_on_the_microbial_community_of_the_underlying_humus?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/223882631_Charcoal_and_smoke_extract_stimulate_the_soil_microbial_community_in_a_highly_weathered_xanthic_Ferralsol?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/223882631_Charcoal_and_smoke_extract_stimulate_the_soil_microbial_community_in_a_highly_weathered_xanthic_Ferralsol?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/223741979_Black_carbon_affects_the_cycling_of_non-black_carbon_in_soil?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/223574438_Microbial_mineralization_and_assimilation_of_black_carbon_Dependency_on_degree_of_thermal_alteration?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/204979047_Adsorption_Characteristics_and_Pore_Development_of_Biomass_-_Pyrolysis_Char?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==
https://www.researchgate.net/publication/null?el=1_x_8&enrichId=rgreq-4f150b5db862cf668df50ae53b0eca53-XXX&enrichSource=Y292ZXJQYWdlOzI2MTQ0Mjg3NjtBUzoxNDk1NTQ2Mjg0MDMyMDJAMTQxMjY2ODAxMDk3Ng==


(i.e., oLF and DF). PyOM primed the loss of native soil

C in the free light fraction, suggesting a significant loss

of decadal C pool of SOM.

This study shows that PyOM seems to be a promising

tool to stabilize C in soils. After 10 months, PyOM-C

losses from soil were negligible; PyOM-C was hardly

assimilated by microbes and seemed to interact sub-

stantially with the mineral phase of the soil, leading to

a potential long-term stabilization of the C. However,

this study also shows that the application of PyOM

increased the priming of the easily decomposable

organic matter of the soil and may offset its stabiliza-

tion. While a lot of attention has been brought to the

chemistry of the PyOM as main driver of its stability in

the soil, our study rather highlights that its interactions

with the mineral and organic phases of the soil may be

quantitatively more relevant and more dynamic than

its chemical structure, at least on the short term. This

new information would advocate a better understand-

ing of PyOM relationships to soil characteristics in

future mechanistic investigations.
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