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The surface chemistry of pyrogenic organic matter (PyOM) is altered by a variety of abiotic and biotic oxidative
and sorption/desorption processes in the environment. Exposure of PyOM to high energy light prior to addition
to soil or sediment, or while entrained in the atmosphere, may induce significant surface photooxidation,
i.e., photochemical weathering, altering its environmental reactivity. We report on a 30-day soil incubation
experiment testing the effects of the photochemical weathering of a 13C-enriched ponderosa pine PyOM,
produced by pyrolysis at 450 °C, on PyOM and soil organic carbon (SOC) mineralization. PyOM Cmineralization
was measured for both the photochemically weathered (i.e. UV treated PyOM or PyOMUV) and PyOM not
exposed to high-energy light (i.e. PyOMW serving as a dark control). PyOMW exhibited a 3.7 times faster C
mineralization rate across the 30-d study, which was driven by a large early mineralization of accessible/labile
C during the first 6 d. In contrast, PyOMUV had faster C mineralization rates in the later part of the experiment
(days 11–30). Overall, PyOMUV had a 13% lower net C mineralization than the untreated PyOMW where the
MRT of accessible PyOMUV-C and PyOMW-C was calculated at 25.7 ± 6.8 d and 1.7 ± 0.2 d, respectively. Both
forms of PyOM promoted a similar net reduction in native SOC mineralization (i.e., negative priming) of
approximately 50% relative to the unamended, control soil. Addition of either PyOM form resulted in an
equivalent minor decrease in the concentration of extractable soil lignin phenols and substituted fatty acids
chemistry with respect to the unamended soil. At 30 d, soil phenol oxidase and peroxidase enzyme activities
were higher with additions of either form of PyOM compared with the unamended control soils with PyOMUV
exhibiting lower activities than PyOMW. Our results indicate that PyOM photochemical weathering can impart
important changes to short-term PyOM reactivity and soil microbial activity, which could have important
implications for soil systems by ultimately lowering turnover rates for both NSC and PyOM-C.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Pyrogenic organic matter (PyOM), a product of incomplete
combustion of plant biomass or fossil fuels (Czimczik et al., 2005;
Singh et al., 2012), can account for a significant proportion (5–45%) of
soil carbon (C) (Glaser et al., 1998; Skjemstad et al., 2002; Hamilton
and Hartnett, 2013; Santín et al., 2015), atmospheric particulate C
(Bond et al., 2013; Antiñolo et al., 2015), dissolved organic C in riverine
NSC, native soil carbon; SFA,
pectroscopy; XPS, X-ray photo-

spheric, and Planetary Sciences,
(Jaffé et al., 2013), estuarine and coastal waters (Mannino and Harvey,
2004), and may represent up to 65% organic C in some marine
sediments (Masiello and Druffel, 1998; Middelburg et al., 1999, Cong
et al., 2013). For PyOM derived from a particular biomass source, the
primary control determining its resistance to environmental
weathering is its temperature of production (Lehmann et al., 2015).
Higher temperature exposure typically imparts physicochemical
properties, primarily its highly condensed aromatic structure, that
increases its stability (Skjemstad et al., 2002; Zimmerman et al., 2011;
Singh et al., 2012) and resistance to biological and chemical weathering.
PyOM formed under thermal conditions approximating natural forest
fires, with temperature maxima ranging from ~300 to ~950 °C (Ryan,
2002; Santín et al., 2016), exhibit mean residence times (MRT) in soils
from ~200 to ~600 years, which greatly exceeds that of uncharred
plant materials and most non occluded particulate soil organic C
(Santos et al., 2012; Singh et al., 2012, Maestrini et al., 2014).
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Specific plant taxa may vary in the temperature at which important
thermally-driven physicochemical transitions occur during pyrolysis
(Hatton et al. 2016). Over a given temperature range, significant chem-
ical (e.g. aromatization of lignocellulose, loss of waxes) and ultrastruc-
tural (e.g., increases in specific surface area, shrinking cell volume)
changes occur (Keiluweit et al., 2010; Hatton et al., 2016), imparting dif-
ferent degrees of thermodynamic and kinetic influence on PyOM envi-
ronmental reactivity (Zimmerman, 2010; Zimmerman et al., 2011).
The ever-growing research focus on PyOMhas demonstrated how com-
plex interactionswithin soil control themechanisms and rates of degra-
dation PyOM (Brodowski et al., 2005; Schmidt et al. 2001; Singh et al.,
2012; Maestrini et al., 2014, 2015).

Apart from the thermally-driven changes to biomass occurring dur-
ing pyrolysis, the physicochemical properties of the surface of PyOM
particles can be altered by biotic and abiotic oxidative processes in the
environment including exposure to UV radiation in the atmosphere
(Antiñolo et al., 2015) or on the soil surface (Cheng et al., 2008), and
microbial-driven processes in soils (LeCroy et al., 2013; Wang et al.,
2016). This has important implications for PyOM fate as the pyrolysis
conditions of high thermal exposure (N400 °C), forest and grass fires re-
move most reactive oxygen containing functional groups from PyOM
(Almendros et al., 1992; Liu et al., 2013). As a result, oxidative
weathering pathways, through photolytic or microbial oxidation for ex-
ample, are needed to reintroduce reactive functional groups that could
increase PyOM environmental weathering through enhanced solubility,
surface binding capacity, or microbial enzyme induction effects (Wang
et al., 2016; Gibson et al., 2016). Controlled degradation experiments
of other highly condensed aromatic particles and compounds (e.g.
manufactured nanocarbon such fullerols, fullerenes, and carbon nano-
tubes) that have structural and chemical similarities to graphitic phases
within high temperature PyOM suggest that surface functionalization
(e.g., hydroxylation or carboxylation) enhances the enzymatic response
of soil microorganisms toward degradation such structures (Berry et al.,
2014, 2016a,b; Schreiner et al., 2009).

Natural or intentional (i.e., through agricultural biochar amend-
ments) additions of PyOM to soil can affect the rate of mineralization
of the original (native) soil carbon (NSC) resulting in either an increase
(i.e., positive priming), a decrease (negative priming), or stasis in the
net NSC converted to CO2 (Kuzyakov et al., 2009, 2014; Maestrini
et al., 2015). Positive priming effects are linked to the proliferation or in-
creased activity of soil microbes, induced by a variety changes including
nutrient accessibility (Laird et al., 2010; Yao et al., 2012;
Prendergast-Miller et al., 2014), pH (Jain et al., 2016; Jin et al., 2016),
and creation of favorable microenvironments (Lehmann et al., 2011).
Co-metabolism of labile PyOM and NSC is a widely suggested mecha-
nism for observations of positive priming within the first few days of
mixing into nutrient limited soils (Bruun et al., 2011; Luo et al., 2011;
Lin et al., 2015;Murray et al., 2015). Furthermore, the addition of the ar-
omatic PyOM C is thought to stimulate the production of microbial
extra-cellular oxidative enzymes leading to increases in the decomposi-
tion of C pools proximal to the PyOM (Zimmerman et al., 2011; Thies
et al., 2015; Gibson et al., 2016). Suggested mechanisms for negative
priming effects have included the physical protection of soluble NSC
on PyOM surfaces or within its pores (Smernik and Skjemstad, 2008;
Kasozi et al., 2010), binding and blocking of extracellular microbial en-
zyme active sites (Lammirato et al., 2011), or the suppressive activity
of antimicrobial compounds leached from the PyOM (Lehmann et al.,
2011; Kim et al., 2012). As the proposed controls on priming should
be significantly influenced by PyOM surface chemistry, environmental
oxidation of PyOM could be an important factor for determining the re-
sponse of NSC to PyOM addition.

In a recent study investigating the interaction of a saprotrophic
white-rot fungus with a ponderosa pine-derived PyOM produced by
fast pyrolysis at 450 °Cwe (Gibson et al., 2016) demonstrated that pho-
tochemical (UV) weathering of the PyOM induced a distinct enzymatic
response in the fungus as compared to the unphotolyzed PyOM. While
the fungus, Trametes versicolor, did not significantly mineralize PyOM-
C in either treatment, both forms of PyOM caused an increase in miner-
alization of the culture growthmedia. The photochemically- weathered
PyOMalso resulted in a suppressed enzyme response by the fungus and
lower degree of media mineralization. These observed changes were
speculated to be the direct result of weathering-induced surficial chem-
istry as the UV treated PyOM exhibited higher surface oxygen content
(as determined by FTIR and XPS) and a relative decrease in aromatic C
to aliphatic C-H surface signatures (as determined by FTIR). Gibson
et al. (2016) proposed that the fungal enzyme systemalonemight be in-
sufficient to oxidize the complex aromatic structure ofweathered PyOM
and that a complex microbial consortium such as that present in soil
was needed for mineralization. These results were consistent with
Boonchan et al. (2000) who demonstrated that significant degradation
of high molecular-weight polycyclic aromatic hydrocarbons only oc-
curred in combined fungal-bacterial cultures but not axenic cultures,
highlighting the importance of complexmicrobial systemswith numer-
ous synergistic degradative processes (Bouchez et al., 1999; Boonchan
et al., 2000; Peng et al., 2008). Additionally, a recent field and related
lab study investigating the decay of 13C-labeled PyOM demonstrated
that while the broad microbial community is capable of taking up
PyOM carbon, fungi showed lower anabolic use of PyOM-C compared
to bacteria (Santos et al., 2012).

Hereinwe report on a 30-day soil incubation experiment testing the
effects of PyOM photochemical weathering on PyOM dynamics in soil
using the same 13C-enriched Pinus ponderosa wood PyOM used in
Gibson et al. (2016). We compare PyOM C and NSC mineralization
using stable carbon isotope monitoring of mineralized CO2 and the ap-
parent activities of soil phenol oxidase and peroxidase among incuba-
tions amended with PyOM either UV reacted while in a water slurry
(PyOMUV), or in the absence of light as a dark control (PyOMW). In
Gibson et al. (2016), we postulated that labile components on the
PyOMUV surface were photochemically degraded prior to exposure to
the fungi which corresponded to the observed differences in reactivity.
The same hypothesis guides our speculation in the current study. We
predict that: (1) C mineralization of the photochemically weathered
PyOMUV will occur at a slower rate than the dark control (PyOMW)
due to relatively lower concentration and accessibility of labile C to
soil microbes in PyOMUV; (2) addition of PyOMUV to soil will result
in lower apparent oxidative enzyme activity than in PyOMW treat-
ments, however both PyOM treatments should increase apparent soil
enzyme activities relative to the un-amended control soil; and (3) the
magnitude of the inducedNSCpriming effects on fast and slow turnover
NSCpools, evidenced by bulk soilmineralization aswell aswith changes
in soil lignin phenol and substituted fatty acid content should be less
with the addition of PyOMUV relative to the PyOMW treatments.
2. Materials and methods

2.1. Production of PyOM and analysis of its properties

Detailed description of ponderosa pine (Pinus ponderosa) sapling
growth under 13C-CO2 atmosphere can be found in Bird and Torn
(2006). Stems harvested from the saplings were pyrolized at a constant
450 °C for 5 h under N2 according to procedures in Hammes et al.
(2006). The resulting PyOMwas then ground to a particle size b2 mm.
13C solid-state NMR, Fourier transform infrared spectroscopy, elemental
analysis, benzene polycarboxylic acids (BPCAs) composition and stable
isotope analysis were performed to determine bulk and surface charac-
teristics, 13C isotopic signature, and to confirm the uniformity of the iso-
topic label of the initial charred material (Yarnes et al., 2011, Chatterjee
et al., 2012). The overall isotopic composition of the PyOM was 848‰
(2.3 atom% 13C) expressed with respect to international standard Vien-
na PeeDee Belemnite (V-PDB). The elemental abundance of %C, %H and
%O was, 77.9%, 3.4% and 14.4%, respectively (Santos et al., 2012).
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2.2. Photochemical weathering of PyOM and analysis of surface chemistry

Weathering effects byUV lightwere simulated by reacting the PyOM
in a deionized water slurry for 4 weeks under UV (254 nm) light
(PyOMUV) exposure according to procedures outlined in Gibson et al.
(2016). PyOM mixed in the same water slurry but shielded from light
(denoted as PyOMW) was set as a dark control for this artificial photo-
chemical weathering experiment. Briefly, subsamples of 30 mg 13C-
PyOMwere loaded into eight 16 ml quartz vials (New England Ultravi-
olet Company, Branford, CT) and mixed with 10 ml ultra-pure water.
Vials were sealed and attached to a gently rotating carousel (5 rpm).
Treatments included vials exposed to two UV (PyOMUV) light lamps
and vials shielded from light (PyOMW) by beingwrapped in aluminum
foil. The intensity of UV lightwas ~1.5× 10−9 Einstein cm2/s resulting in
a cumulative energy exposure of ~1879W/cm2 over fourweeks (Gibson
et al., 2016). This amount of energy is roughly equivalent to 11 d of solar
radiance at mid latitudes (39°16′22″N) at 2944 m above sea level
(McKenna and Andreas, 1997). The PyOMUV and PyOMW samples
were recovered by filtering the slurry through a 0.22 μm cellulose ace-
tate filter and then air-drying in the dark. Production of PyOMUV result-
ed in 13CO2 evolution indicating UV-induced oxidation while PyOMW
showed no 13CO2 production (Gibson et al., 2016). The surface chemis-
try of both PyOMW and PyOMUV samples was assessed by Fourier-
transform infrared spectroscopy (FTIR) and X-ray photoelectron spec-
troscopy (XPS). Results were presented in previous work (Gibson
et al., 2016). Briefly, PyOMUV exhibited increased surface oxygen, loss
of aromatic C\\H, higher contribution of the carbonyl to carboxylate
bands, and increased aliphatic C\\H stretchingwith respect to PyOMW.
2.3. Soil incubation experiment

Soil (0–5 cm depth) was collected in 2012 from within an ongoing
fire manipulation experiment at the University of Michigan Biological
Station (Pellston, MI, USA; 45°35′N, 84°43′W). The area of sampling
was last burned in 1980 and soils (0–5 cm) used in the incubation
were collected from four 25-m long transects, combined, sieved to
2 mm to remove plant litter and stones, air dried (~22 °C) and stored
until use. The soil is described as well drained, sandy, mixed frigid
Entic Haplorthods of the Rubicon series and is ~92% sand, ~7% silt, and
~1% clay with an estimated PyOM C content of ~0.58–9 μg C g−1 soil
(Yarnes et al., 2011). The bulk soil pH was 5.2 ± 0.3 according to
Lierop (1990). Dry soil was subsampled and ground for elemental and
stable isotope measurement using a Sercon Ltd. (Crewe, U.K.) GSL ele-
mental analyzer interfaced to a Sercon Ltd. 20–22 Isotope Ratio Mass
Spectrometer (IRMS). Elemental and stable isotope analysis showed
the bulk soil to be 1.79% ± 0.28C and 0.07% ± 0.01 N by mass with a
δ13C value of −27.5‰ ± 0.2. Previous size and density separation of
the soils (0–5 cm) from this site demonstrated that more than half of
the soil C resides in particulate organic carbon (POC) not associated
with mineral surfaces with only ~37% of soil C strongly associated
with mineral surfaces (McFarlane et al., 2012).

To construct the incubation vessels, sterilized glass wool was packed
into 12ml, autoclaved Labco Exetainer vials (Labco Ltd., Ceredigion, UK)
in order to prevent caking of soils and the development of anaerobic
zones. Then 3 g of soil was added to each vial and rewetted to 55%
water holding capacity (WHC) by adding 0.9 ml autoclaved deionized
water. The soils were then pre-incubated for 5 d before the addition of
PyOMW or PyOMUV. PyOM-C was added to soil at a loading rate of
10% (~5.5 mg per vial) of original (native) soil C and gently mixed.
Incubation of unamended soil served as an absolute control and was
treated identically as those that received added PyOM. Five analytical
replicate vials were used per treatment. Vials were capped with glass
fiber filter to permit air exchange when not accumulating gases before
being placed into a temperature controlled room in the dark at 25 °C
and incubated for 30 d.
2.4. Headspace 13CO2 determination and modeling

To distinguish between mineralization of NSC and 13C-labeled
PyOM-C, headspace CO2 concentration and 13C enrichment were deter-
mined with a Sercon Ltd. (Crewe, U.K.) Cryoprep Trace Gas Analyzer
(TG2) interfaced to a Sercon 20–22 Isotope Ratio Mass Spectrometer
(IRMS). CO2 measurements were conducted at days 1, 2, 6, 11, 16, 24,
and 30 after PyOM amendment by automated flushing of the micro-
cosm headspace. Prior to headspace accumulation, glass fiber filters on
each vial were replaced by gas-tight, reusable rubber septa. Vials were
then flushed with 10 times their volume using humidified CO2-free
air. The water content of each microcosm was checked by weighing
each vial weekly. On day 24, approximately 0.1 ml of water was added
to each vial to replace lost water. The fraction of evolved C from PyOM
(fPyOM) and fromNSC (fNSC) was calculated using a two-component iso-
topic mixing model:

fPyOM %ð Þ ¼ δ13CO2‐measured−δ13CO2‐NSC

δ13CPyOM−δ13CO2‐NSC
� 100 ð1Þ

where δ13CO2-measured is the δ13C value of total CO2-C evolved from soil-
PyOMmixtures, δ13CO2-NSC is the δ13C value for the CO2-C evolved from
control soil (no PyOMaddition), and δ13CPyOM is the 13C isotopic compo-
sition of PyOM.

NSC mineralization rates for days 1–16 were modeled as containing
two conceptual carbon pools characterized by fast and slow turnover by
applying the following double exponential decay model (Paul et al.,
2001; Creamer et al., 2011):

−dC=dt ¼ CFe−k Ft þ CSe−kSt ð2Þ

where dC/dt is in units of mg C day−1, CF and CS are the fast and slow
turnover pools respectively and kF and kS are the rate constants for
the fast and slow turnover pools. The total size of these pools was calcu-
lated by integrating the first order differential equation describing each
pool:

CTi ¼ Ci=−ki eki t−1
� �

ð3Þ

NSC respiration rates for day 24 and 30, following the second water
addition, were treated as a discrete linear interval and the amount of
this C-pool liberated after rewetting (referred to hereafter as CSP) was
estimated with following equation:

Csp ¼ t2−t1ð Þ R t1ð Þ þ R t2ð Þ
2

� �
ð4Þ

where (t2 − t1) is the time increment between days 30 and 24, respec-
tively, of the incubation and R represents rate of respiration at t2 and t1.

Fluctuation in PyOM-C mineralization rates did not follow a specific
function. As a result, the cumulative percent of total PyOM-C (PyOMW
or PyOMUV) respired at time t (CPyOM-t) was calculated as:

CPyOM‐t ¼ ∑n
i¼1 Rt � Ttð Þ ð5Þ

where CPyOM-t is the cumulative percent total PyOM-C respired at time t;
n is the number of total time points in this experiment, Rt is mineraliza-
tion rate of time t, Tt is the time elapsed between time (t-1) and t. This
value for each discrete time intervalwas then subtracted from the initial
amendment mass of PyOM–C to calculate PyOM-C remaining. The MRT
of the fast cycling C poolwas then calculated by applying a double expo-
nentialmodel aswith NSC (Eq. (2)). The resulting rate constant (kf) was
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used to calculate the mean residence time as follows:

MRTf ¼ 1=k fð Þ ð6Þ

The priming effect of PyOM on NSC at time t was determined as fol-
lows:

PEt ¼ Rtreatment‐t−Rcontrol‐t ð7Þ

where Rcontrol-t and Rtreatment-t are the rate of NSC mineralized in the
control soil without PyOM addition and soil with PyOM addition, re-
spectively, at the time point t.

2.5. Enzyme assays

The potential activities of extracellular phenol oxidase and peroxi-
dase soil–bound enzymes were quantified at the termination of the in-
cubation using a colorimetric assay measuring the oxidation of the
substrate L-3,4-dihydroxyphenylalanine (L-DOPA) as described by
Weintraub et al. (2007). Briefly, 1 g ofmoist soil collected after the incu-
bation experiment from each treatment and control replicate (n = 5)
was added individually into 50 ml of 50 mM sodium acetate buffered
at a pH of 5, similar to the pH of the bulk soil (5.2 ± 0.3) and placed
on a stir plate in the dark for 1 h. 10 ml of soil extract was mixed with
10 ml of 25 mM L-DOPA and incubated at 25 °C for 24 h. Duplicate
soil extracts + L-DOPA, as well as 625 μl of 0.3% H2O2, were prepared
to assay for peroxidase activity. The incubated reaction solutions were
centrifuged to settle out particles that may have interfered with UV
light absorption measurements and transferred to acrylic cuvettes for
analysis. Activity was measured by UV–VIS spectroscopy at a wave-
length of 460 nm.

2.6. Lignin and substituted fatty acid extraction and quantification

To determine the differential decomposition effects of PyOM
amendments at the biopolymer level, plant derived soil lignin and
substituted fatty acids (SFAs), plant components of purportedly lower
reactivity than the bulk soil, were extracted with the alkaline cupric-
oxide (CuO) oxidation technique following procedures from Hedges
et al. (1982) and Goñi and Hedges (1990) with modifications outlined
in Filley et al. (2008). The trimethylsilyl (TMS) derivatives of vanillyl
(V)-based (i.e., vanillin, acetosyringone, vanillic acid), syringyl (S)-
based (i.e., syringaldehyde, acetosyringone, syringic acid), and cinnamyl
(Ci)-based (i.e., p-hydroxycinnamic acid and ferulic acid) lignin were
quantified via GC/MS (Filley et al., 2008) and the total yield of lignin
phenols was denoted as ‘SVCi-lignin’. The TMS derivatives of SFAs
were determined by summing the masses of eight monomers
including 16-hydroxyhexadecanoic (ω-C16), hexadecane-1,16-dioic
(C16DA), 18-hydroxyoctadec-9-enoic (ω-C18:1), 9,16&10,16-dihydroxy-
hexadecanoic (9&10, ω-C16), 9-octadecene-1,18-dioic (C18:1DA), 7&8-
hydroxyhexadecane-1,16-dioic (7&8-C16DA), 9,10,18-trihydroxy-
octadec-12enoic (9,10, ω-C18:1), and 9,10,18-trihydroxyoctadecanoic
(9,10, ω-C18). Compound concentrations are given as mg compound/
100 mg NSC. The lignin phenol ratios Ci/V, S/V were investigated to as-
sess changes in individual lignin content due to selective decomposition
while lignin oxidization was assessed through the relative concentra-
tion ratios of vanillic to vanillin, Ad/Al(V), and syringic to
syringaldehyde, Ad/Al(S) (Hedges and Ertel 1982).

2.7. Statistical analyses

The normality of data was tested by using the Kolmogorov-Smirnov
test and homogeneity of variances was determined by Levene's test.
Completely randomized one-way ANOVA was used to test if PyOM ad-
ditions significantly affected phenol oxidase and peroxidase activities,
SVCi-lignin and SFAs concentrations, or the ratios of Ci/V, S/V, Ad/
Al(V) and Ad/Al(S). Repeated-measures ANOVA was used to test the
treatment effects on δ13CO2, soil total CO2 respiration rates, cumulative
PyOM-C and NSC respired, and priming effects of added PyOM. For each
time point, a Tukey's post-hoc analysis was conducted to determine sig-
nificant differences in δ13C, cumulative NSCmineralized and priming ef-
fect of PyOM on NSC among the PyOMUV, PyOM and control
treatments. All the statistical analyses were performed in SPSS 16.0
(SPSS, Inc., Chicago, IL, U.S.A.) with α b 0.05.

3. Results

3.1. Native soil C (NSC) and PyOM mineralization

At all time-points, except sampling day 16, NSC mineralization rates
were lower for soils containing PyOMW and PyOMUV (P b 0.01) when
compared to unamended soil controls (Table 1). Overall, mean NSC
mineralization rates decreased by 37.0% and 43.0% for PyOMUV and
PyOMW, respectively, however there were no significant differences
in NSCmineralization rates between PyOMWand PyOMUV treatments.
Water addition on day 24 resulted in an increase in the NSCmineraliza-
tion rates for all treatmentswithunamended control increasing by 517%
and PyOMUV and PyOMW increasing to lesser degrees at 69% and 135%
from day 16. The largest suppressive effect on NSC mineralization by
PyOM addition was seen on day 24.

PyOMUV-Cmineralization rates ranged from 1.7 to 61.3 μg CO2-C g−1

PyOMUV-C day−1 during the 30-d incubation while PyOMW
mineralization rates exhibited a higher range at 3.3 to 606.2 μg CO2-
C g−1 PyOMW-C day−1 (Table 2). The rates of 13CO2 production from
the two PyOM treatments varied throughout the course of the experi-
ment with PyOMW exhibiting higher rates than PyOMUV on days 1 and
6 but dropping to relatively lower values on days 11, 16, and 24. Net
PyOMWmineralizationwas 14% higher than the photochemicallyweath-
ered PyOMUV resulting in estimated mean residence times of 1.7 d vs
25.7 d respectively, for the fast cycling PyOM C pool (Table 3). This differ-
ence was largely driven by the much lower PyOMUV C mineralization
rates compared to PyOMW on day one (11.8 vs 606 µg CO2-C g−1

PyOM-C day−1, respectively).

3.2. NSC priming effects and modeled C pools

A net negative priming effect (PE) was exhibited for both PyOMW
and PyOMUV additions, with no significant difference between the
PyOM forms (Table 3), where PE ranged from 0.16 ± 0.08 to
−5.29 ± 0.14 mg CO2-C g−1 soil C day−1 and from −0.14 ± 0.16 to
−5.07 ± 0.09 mg CO2-C g−1 soil C day−1 for PyOMUV and PyOMW
treatments, respectively (Fig. 1). The PE trended from initially negative
to near neutral prior to rewetting on day 24. The largest negative prim-
ing effect, approximately a mean value of −5.18 for both treatments,
was observed after the addition of water on day 24, which then in-
creased to−2.0 by day 30 (Fig. 1).

Addition of both the photochemically weathered and dark, control
PyOMW to soil resulted in a significant reduction in the size of the
NSC Cf, Cs, and Csp mineralized pools with respect to the no amendment
control but there were no significant differences between PyOM treat-
ments (Fig. 2). Specifically, Cf, Cs, and Csp mineralized pools decreased
by an average of 80.6± 0.8%, 52.2± 6.2%, and 60.4± 0.6%, respectively
(Fig. 2). As observed for the net PE, PyOMUV and PyOMWhad the same
effects for themodeled conceptual C pool mineralization rates and over
the course of the experiment (Fig. 2; Table 1), with an overall decrease
of 60.9 ± 2.9% in net NSC mineralization.

3.3. Phenol oxidase and peroxidase activities

At the termination of the experiment, soil phenol oxidase enzyme
activity and peroxidase activity increased with addition of both



Table 1
Soil respiration rates (mg CO2-C g−1 soil C day−1) of native soil C (NSC) from 30 d incubations of unamended soil and soil amended with either photochemically weathered pyrogenic
organic matter (PyOMUV) or control PyOM (PyOMW) treatments. Photochemical weathering was simulated by mixing PyOM for 4 weeks in a water slurry while exposed to UV-light
(PyOMUV) and compared to PyOMmixed in awater slurry shielded from light as a dark control. Values aremeans± standard errors, n=5.Different letters indicate significant differences
among treatments for each sampling point (α = 0.05).

Treatment Day 1 Day 2 Day 6 Day 11 Day 16 Day 24 Day 30

Unamended soil 3.4 ± 0.1a 2.9 ± 0.2a 2.5 ± 0.2a 2.0 ± 0.2a 1.2 ± 0.1a 7.7 ± 0.6a 3.9 ± 0.2a
Soil + PyOMUV 1.7 ± 0.2b 1.9 ± 0.5a 1.1 ± 0.1b 1.4 ± 0.1b 1.4 ± 0.1a 2.4 ± 0.1b 2.1 ± 0.1b
Soil + PyOMW 1.5 ± 0.1b 1.8 ± 0.4a 1.2 ± 0.1b 1.3 ± 0.1b 1.1 ± 0.2a 2.6 ± 0.1b 2.0 ± 0.1b
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PyOMWand PyOMUV, by up to 200% for phenol oxidase, with respect to
the unamended control soils (Table 4). Photochemical weathering of
PyOM, however, resulted in a significantly (α=0.05) lower (~10%) ap-
parent soilmicrobial enzyme activity compared to the soil with PyOMW
addition. Specifically, addition of PyOMWresulted in an increase in phe-
nol oxidase activity from 15.1 to 30.4 μmol g−1 soil C compared to the
unamended control. Additionally, of PyOMUV treatments resulted in
an activity of 26.6 μmol g−1 soil C with respect to unamended controls.
Similarly, PyOMW and PyOMUV resulted in an increase in peroxidase
activity, butwithmoremodest changes, increasing activity from the un-
amended soil values of 57.9 to 66.3 and 60.6 μmol g−1 soil C,
respectively.

3.4. Biopolymer characteristics in soils

After 30 d of incubation, extracted SVCi-lignin concentrations exhib-
ited a slight, albeit non-significant, increase in the un-amended soil and
a slight decrease in both PyOM amended treatments as compared with
the initial soil. These small bifurcating effects resulted in a statistically
significant (P = 0.03) difference between the unamended control
(2.0 mg SVCi lignin/100 mg OC) and the two PyOM treatments
(~1.8 mg SVCi lignin/100 mg OC) (Fig. S1a). SFA concentrations in the
PyOM exhibited a small but significant increase from the pre-
incubated soil (Fig. S1a; P b 0.05).

The ratio of cinnamyl to vanillyl phenols (Ci/V) was not significantly
changed with PyOM addition compared to the un-amended soil after
30 d (Fig. S1b). The ratio of syringyl to vanillyl phenols (S/V) exhibited
a small but significant decrease for the un-amended and added PyOM
as compared with the pre-incubation soil. The Ad/Al(V) values were sta-
tistically similar among all treatmentswhile the Ad/Al(S) increased from
0.36 in the pre-incubated soil to 0.41 in the un-amended soil and soil
with added PyOM after 30 d (Fig. S1c).

4. Discussion

4.1. Photochemical weathering affects PyOM C mineralization in soil

Informed by our previous FTIR and XPS analysis in Gibson et al.
(2016)which showed that photochemical weathering oxidized the sur-
face of PyOM,we posited in this study that therewould be a distinct dif-
ference in mineralization rates of labile C content between PyOMWand
its weathered analog, PyOMUV, in soil evidenced by lower Cmineraliza-
tion of PyOMUV. As predicted, PyOMUV exhibited a lower net mineral-
ization (Table 2) however, the controls imparted by weathering were
complex and evolved over the 30 d in that the significantmineralization
observed early in the incubation (day 1–6) for PyOMW was absent for
Table 2
PyOM C mineralized (μg CO2-C g−1 PyOM-C day−1) from 30 d soil incubations amended with
(PyOMW) treatments. Photochemical weathering was simulated by mixing PyOM for 4 week
in awater slurry shielded from light as a dark control. Values representmeans± standard errors
point (α = 0.05).

Treatment Day 1 Day 2 Day 6

PyOMUV 11.8 ± 8.9b 31.6 ± 11.2a 1.7 ± 1.7a
PyOMW 606.2 ± 55.2a 43.2 ± 9.7a 18.9 ± 10.5a
PyOMUV but by day 11, PyOMUV mineralization rate increased and
exceeded PyOMW. Overall, the MRT of PyOMUV-C and PyOMW-C dur-
ing this 30 day lab study was 25.7 ± 6.8 and 1.7 ± 0.2 d respectively
(Table 3) indicative of a less accessible and depleted fast cycling pool.
Other studies have observed a large pulse of PyOM-C mineralized
soon after addition to soils corresponding to decomposition of the initial
labile C pool; further mineralization occurs at slower rates mediated by
chemical, physical and biological processes (Hockaday et al., 2006;
Cheng et al., 2008;Wang et al., 2016). The initial, enhanced mineraliza-
tion of PyOMW compared with PyOMUV is consistent with mineraliza-
tion of labile constituents on the PyOMWsurface (Bruun et al., 2011; Liu
et al., 2013).

After day 6 of the incubation when much of the readily accessible
and labile PyOMW-C had been consumed, PyOMUV exhibited progres-
sively greater C mineralization rates compared to PyOMWwhich could
be a result of greater density of hydrophilic functional groups on
PyOMUV, consistent with the observed oxygenated surface (Gibson
et al., 2016), allowing greater accessibility of extracellular enzymes
and diffusion of dissolved PyOMat the surface. Greater carboxyl and hy-
droxyl functional group density could allow for greater nutrient reten-
tion at the surface and potentially promote greater microbial activity
(Glaser et al., 2001). The observed increase in mineralization for
PyOMUV later in the incubation is consistent with other studies which
postulate that weathered andmore hydrophilic PyOM can bemore vul-
nerable to microbial degradation in the longer term (Cheng et al., 2006;
Nguyen et al., 2009; Zimmerman, 2010). The role of a hydrophilic sur-
faces promoting enhanced PyOM mineralization once labile carbon is
consumed may be evident in our results after rewetting on day 24
which showed both PyOM forms increase in mineralization rate but
with PyOMUV maintaining the higher overall rate at 61.3 vs. 36.3 μg
CO2-C g−1 PyOM-C day−1.

4.2. Photochemical weathering of PyOM does not change net NSC priming
effect

Overall, both PyOMUV and PyOMW induced a negative priming ef-
fect of similar magnitude on NSC mineralization (Fig. 1). This was in
contrast to our expectations based upon our previous single culture fun-
gus decay experiment (Gibson et al., 2016) where both PyOMW and
PyOMUV treatments promoted a net increase in mineralization of cul-
ture growth media C relative to the no amendment control. Previous
soil amendment studies using this same ponderosa pine-sourced
PyOM, albeitwithout thephotochemicalweathering treatment, showed
seemingly contrasting resultswith both neutral (Santos et al., 2012) and
positive priming effects (Singh andCowie, 2014) onNSCmineralization.
These variable results, particularly comparing PyOMW to the earlier
either photochemically weathered pyrogenic organic matter (PyOMUV) or control PyOM
s in a water slurry while exposed to UV-light (PyOMUV) and compared to PyOM mixed
, n=5.Different letters indicate significant differences among treatment for each sampling

Day 11 Day 16 Day 24 Day 30

27.8 ± 5.2a 37.1 ± 3.8a 61.3 ± 6.8a 23.5 ± 9.0a
3.3 ± 2.2b 11.2 ± 3.0b 36.3 ± 8.2b 8.0 ± 4.0a



Table 3
Net treatment effects of 30 d incubations of unamended soil and soil amended with either photochemically weathered pyrogenic organic matter (PyOMUV) or control PyOM (PyOMW)
treatments. Compared are native soil carbon (NSC) mineralization rates (mg CO2-C g−1 soil-C day−1), PyOM C mineralization rates (μ 13CO2-C g−1 PyOM-C day−1), priming effects of
PyOMon NSCmineralization (mg 13 CO2-C g−1 soil-C day−1), net PyOM-Cmineralized (μg 13CO2-C g−1 PyOM-C added), andmean residence time (MRTf) of the fast cycling PyOM-C pool
(days). Photochemical weathering was simulated by mixing PyOM for 4 weeks in a water slurry while exposed to UV-light (PyOMUV) and compared to PyOMmixed in a water slurry
shielded from light as a dark control. Values represent means± standard deviation, n = 5. Different letters indicate significant differences amongmeans of treatments (α=0.05) as de-
termined by repeated-measures ANOVAs.

Treatment NSC mineralization rates
(mg CO2-C g−1

soil-C day−1)

PyOM-C mineralized rates
(μg 13CO2-C g−1

PyOM-C day−1)

Priming effect
(mg CO2-C g−1

soil-C day−1)

net PyOM-C mineralized
(μg 13CO2-C g−1

PyOM-C)

MRTf

Unamended soil 3.4 ± 0.3a
Soil + PyOMUV 1.6 ± 0.1b 27.8 ± 3.9b −1.75 ± 0.26a 1.01 ± 0.15a 25.7

± 6.8a
Soil + PyOMW 1.7 ± 0.1b 103.9 ± 36.0a −1.66 ± 0.29a 1.14 ± 0.09a 1.7

± 0.2b
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Santos et al. and Singh et al. work, are most likely governed by the sig-
nificant differences among the soils that were amended. Soils in the
three studies ranged largely in parent material, SOC stock, and physical
distribution of SOC among soil mineral and particulate fractions. More-
over, the studies differed in incubation duration and pre-incubation
conditions, which also could result in contrasting priming effects
(Lehmann et al., 2015). The pre-treatment of the PyOMW in a dark
aqueous slurry could have also increased the capacity for surface bind-
ing of organic matter, above the “as produced” PyOM used in the previ-
ous work, thereby lowering effective concentrations of key regulatory
compounds (Masiello et al., 2013) as well as native dissolved organic
matter (Zimmerman et al., 2011).

In a complex medium such as soil, PyOM surface functionalization
can play an important mechanistic role in the binding or complexation
of dissolved soil components rendering both PyOM and the sorbed ma-
terial more resistant to mineralization (Kasozi et al., 2010; Liu et al.,
2013). Changes in surface activity have been shown to increase with
PyOM oxidation or aging (LeCroy et al., 2013) and Liu et al. (2013) sug-
gested that nitrobenzene adsorption increased with increasing surface
oxidation of a straw, oak and bamboo-derived PyOM. In the present
study, evidence for the role of surface binding can be seen in the dra-
matic reduction in NSC mineralization rates of both PyOM treatments
compared to controls after the rewetting on day 24 (Fig. 1; Table 3). It
is not surprising that the control soil incubations exhibited a large in-
crease in CO2 efflux upon rewetting given that rewetting soils is
known to enhance respiration through release of accumulated labile C
Fig. 1.Native soil C (NSC) priming effects (mg CO2-C g−1 soil C day−1) calculated for soils
amendedwith either photochemicallyweathered pyrogenic organicmatter (PyOMUV) or
control PyOM (PyOMW). Photochemical weathering was simulated by mixing PyOM for
4 weeks in a water slurry while exposed to UV-light (PyOMUV) and compared to
PyOM mixed in a water slurry shielded from light as a dark control. Data represent
means ± standard error, n = 5.
and nutrients (Fierer and Schimel, 2002; Mikha et al., 2005; Borken
and Matzner, 2009; Navarro-García et al., 2012). Contrary to expecta-
tions for PyOMUV treatments, the change in PE to negative values
upon rewetting was as large as−5.5 mg CO2-C g−1 soil C day−1

. Simi-
larly for PyOMW, the magnitude of negative PE decreased to −4.9 mg
CO2-C g−1 soil C day−1 (Fig. 1). This shift strongly suggests that both
PyOM treatments immobilized NSC onto their surface making it inac-
cessible. However, the highly functionalized PyOMUV immobilized la-
bile NSC to a greater extent than PyOMW. Although microbial biomass
was not quantified, a portion of the large shift to negative PE might be
attributed to selective uptake of NSC into microbial biomass in the
PyOM treatments, rather than conversion to CO2. Such was speculated
in a recent PyOM incubation study investigating response to wetting
(Wang et al., 2016).

We investigated the priming effect at the biopolymer level through
extraction of lignin and substituted fatty acids. The SVCi-lignin concen-
tration in soils with either PyOM additionwas slightly, but significantly,
lower than either the incubated unamended control soil or the initial
soil prior to incubation (Fig. S1) indicating that only minor decay oc-
curred during the short incubation study. Selective decomposition of
soil lignin in the presence of PyOM would also be consistent with the
observed increase in oxidative enzyme activity herein (Table 4). Lignin
decay and enhanced oxidative enzyme activity have been shown to co-
Fig. 2. The fast and slow native soil C (NSC) turnover pools, calculated from CO2 liberated
during the first 16 d of the incubation, and water liberated NSC pools, calculated from CO2

liberated after soil rewetting on day 24, of unamended soil and soil amended with either
photochemically weathered pyrogenic organic matter (PyOMUV) or control PyOM
(PyOMW) treatments. Photochemical weathering was simulated by mixing PyOM for
4 weeks in a water slurry while exposed to UV-light (PyOMUV) and compared to PyOM
mixed in a water slurry shielded from light as a dark control. Letters indicate significant
differences among treatments (α = 0.05). Data represent means ± standard error
(n = 5).



Table 4
Apparent phenol oxidase andperoxidase activities (μmol g−1 soil C) from30d incubations
of unamended soil and soil amended with either photochemically weathered pyrogenic
organic matter (PyOMUV) or control PyOM (PyOMW) treatments. Photochemical
weathering was simulated by mixing PyOM for 4 weeks in a water slurry while exposed
to UV-light (PyOMUV) and compared to PyOMmixed in awater slurry shielded from light
as a dark control. Data represent means ± standard error, n = 5. Letters indicate signifi-
cant differences among treatments (α = 0.05).

Treatments Phenol oxidase activity
(μmol g−1 soil C)

Peroxidase activity
(μmol g−1 soil C)

Unamended soil 15.1 ± 0.42a 57.9 ± 0.53a
Soil + PyOMUV 26.6 ± 0.28b 60.6 ± 0.42b
Soil + PyOMW 30.4 ± 0.39c 66.3 ± 0.40c
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vary in soils (Robertson et al., 2008). If a selective positive priming effect
related to lignin occurred in the present study onewould expect greater
Ad/Al(S,V) ratios, an indicator of lignin decomposition (Hedges et al.,
1988; Kiem and Kögel-Knabner, 2003) to be evident. However, no
change in these lignin proxies was observed in the present study. Alter-
natively, if themicrobial decaymechanisms involved a brown rot or soft
rot type of lignin decay there would be negligible increase in the Ad/
Al(S,V) ratios generated by the CuO method (Filley et al., 2000; Filley
et al., 2002). It is also feasible that theminor reduction in extractable lig-
nin with added PyOM is the result of selective binding and protection of
labile lignin to the surface of PyOM lowering the efficiency of the alka-
line CuO oxidation procedure. Similar binding and selective molecular
protection have been observed in soils containing metal hydroxyl ox-
ides (Hernes et al., 2013) and is consistent with our interpretation of
the large, negative PE for NSC observed after water addition at day 24.

4.3. Photochemical weathering of PyOM suppresses apparent soil oxidative
enzymatic response

Although addition of both forms of PyOM caused an increased re-
sponse in soil oxidative enzymes above the control soil, as we initially
predicted, enzyme activities in the presence of PyOMUV were sup-
pressed relative to PyOMW (Table 4). It is not surprising that the addi-
tion of PyOM would result in changes in enzyme activity relative to
control treatments as previous studies have demonstrated both de-
creases and increases in microbial enzyme response with PyOM addi-
tion (Maestrini et al., 2015, Thies et al., 2015; Wang et al., 2016). We
postulate that the relatively higher apparent phenol oxidase and perox-
idase activity in the PyOMW treatment could have resulted from an up-
regulation in enzyme production by the soil microbes because of the
greater availability of labile C in PyOMW compared with PyOMUV
(Gibson et al., 2016). This is supported in part by the large pulse of
13CO2 respired at the beginning of incubation in the PyOMW treatment
though this pool is relatively small in comparison to the NSC labile C
pool. The suppressed enzyme activity in the PyOMUV treatment can
be explained by stronger surfacebinding, aswas evident in the observed
negative change in PE (Fig. 1). Such an enhanced chemisorption sup-
pression of soil enzyme activity is consistent with recent observations
of soil enzyme activities in the presence of PyOM (Cheng et al., 2006;
Hilscher et al., 2009; Masiello et al., 2013). These findings are also con-
sistent with previous studies that concluded distinct surface character-
istics of PyOM induced by the aging or weathering process can
increase surface binding of organics and reduce oxidative enzyme re-
sponse (Wang et al., 2016; Zhao et al., 2015). While sorption has been
proposed as the major mechanism for the difference in enzyme activi-
ties between fresh and aged PyOM in the study by Wang et al. (2016),
water availability and growth in microbial biomass in aged PyOM treat-
ments were also suggested as mechanisms for increased enzyme pro-
duction in these treatments. This is also a possibility in the present
study. An indication of the importance of surface binding on the two
PyOM forms comes from the decreased respiration rates after water ad-
dition to the PyOM treatments (Fig. 2; Table 1) where we propose that
irreversible binding of labile DOM or other key enzymes minimizes soil
microbe accessibility to C with respect to control soils.

5. Conclusions

Our study sought to determine the effect of PyOM photochemical
weathering on PyOM-C mineralization, NSC mineralization, oxidative
enzyme activities, and the abundance of specific plant-derived biopoly-
mers in the soil. The use of a 13C-labeled PyOMallowed us to distinguish
mineralization of SOC from PyOM-C and assess SOC PE in this 30-day
soil incubation experiment. While PyOM C mineralization was mea-
sured for both the photochemically weathered (PyOMUV) and the
dark control PyOMW, the MRT and amount of labile PyOMUV-C miner-
alized was significantly less than that of PyOMW. Photochemical
weathering of PyOM did not, however, result in a different NSC miner-
alization rate as both forms of PyOM promoted a reduction, i.e. negative
priming, of approximately 50% relative to the unamended control soil.
At the termination of the experiment, soil phenol oxidase enzyme activ-
ity and peroxidase activity increased with addition of both PyOMWand
PyOMUV, by up to 200% for phenol oxidase with respect to unamended
control soils. However, photochemical weathering resulted in approxi-
mately 10% lower enzyme activities compared to PyOMW. Our results
indicate that PyOM photochemical weathering can impart important
changes to short-term PyOM reactivity and soil microbial activity,
which could have important implications for soil systems by ultimately
lowering turnover rates for both NSC and PyOM-C.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.geoderma.2017.01.011.
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