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ABSTRACT

Understanding the effects of fire history on soil processes is key to characterise their resistance and resilience
under future fire events. Wildfires produce pyrogenic carbonaceous material (PCM) that is incorporated into
the soil, playing a critical role in the global carbon (C) cycle, but its interactions with soil processes are poorly un-
derstood. We evaluated if the previous occurrence of wildfires modulates the dynamic of soil C and nitrogen
(N) and microbial community by soil ester linked fatty acids, after a new simulated low-medium intensity fire.
Soils with a different fire history (none, one, two or three fires) were heat-shocked and amended with charcoal
and/or ash derived from Pinus pinaster. Soil C and N mineralization rates were measured under controlled condi-
tions, with burned soils showing lower values than unburned (without fire for more than sixty years). In general,
no effects of fire recurrence were observed for any of the studied variables. Microbial biomass was lower in
burned, with a clear dominance of Gram-positive bacteria in these soils. PCM amendments increased cumulative
carbon dioxide (CO,) production only in previously burned soils, especially when ash was added. This contrasted
response to PCM between burned and unburned soils in CO, production could be related to the effect of the
previous wildfire history on soil microorganisms. In burned soils some microorganisms might have been
adapted to the resulting conditions after a new fire event. Burned soils showed a significant positive priming
effect after PCM amendment, mainly ash, probably due to an increased pH and phosphorous availability. Our

Abbreviations: C, carbon; CO,, carbon dioxide; Cy, potentially mineralizable carbon; CEC, cation exchange capacity; CH, charcoal; ELFAs, esther linked fatty acids; H, heat treatment; k,
potentially mineralizable carbon decay rate; MRT, mean residence time; N, nitrogen; NHZ -N, ammonium; NO3 N, nitrate; PCM, pyrogenic carbonaceous material; POZ-P, labile phosphate;
PyC, pyrogenic carbon; t;, half life time; TC, total carbon; TH, total hydrogen; TIN, total inorganic nitrogen; TN, total nitrogen; UH, unheated treatment.
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results reveal the role of different PCMs as drivers of C and N mineralization processes in burned soils when a new
fire occurs. This is relevant for improving models that evaluate the net impact of fire in C cycling and to reduce
uncertainties under future changing fire regimes scenarios.

© 2021 Published by Elsevier B.V.

1. Introduction

The legacy of a disturbance might modulate current ecosystems
functionality (Foster et al., 1998; Mori, 2011). It has been long recog-
nized that fire is a major environmental disturbance and a driver of bio-
geochemical processes, notably those related to the carbon (C) cycle,
across diverse ecosystems worldwide (Raison et al., 2009). Wildfires
convert the majority of the C of the burned vegetation and soil organic
C into carbon dioxide (CO,) and pyrogenic C (hereinafter, PyC). Glob-
ally, each year, wildfires emit around 1.6-2.8 Tg of C (mainly as CO;)
to the atmosphere, and produce 114-383 Tg of PyC that are incorpo-
rated to the soil (Santin et al., 2016). Pyrogenic carbonaceous materials
(hereinafter, PCM) comprise a wide range of chemical compounds that
are produced both, in situ from the thermochemical rearrangement of
precursor organic compounds and from gas-phase condensation of
compounds volatilized during pyrolysis and/or combustion (Bird et al.,
2015). Different forms of PCM are described as a “pyrogenic contin-
uum”, since they result from a thermal degradation continuum in
which aromaticity, condensation and hydrogen to carbon (H:C) and hy-
drogen to carbon (0:C) ratios decrease (Cao et al., 2013; Hedges et al.,
2000). Thus, PCMs range from charcoal, less thermally degraded and
sometimes of recognized origin, to lighter PCM, much more thermally
homogenized, like ash (Bird et al., 2015; Bodi et al., 2014). PyC is consid-
ered one of the most stable C components in the soil, and represent be-
tween 0 and 60% of the total soil organic C (Reisser et al., 2016). After
fire, PyC, and PCM in general, end up interacting with the soil compo-
nents in different ways, depending on the characteristics of both of
them (Knicker, 2011). Although PCM incorporation into the soil plays
a critical role in the global C cycle, its dynamic and interactions with
other soil processes such as water erosion and redeposition, decompo-
sition and leaching are still poorly understood (Lasslop et al., 2019;
Santin et al., 2016).

Previous works refer to positive or negative priming effects when
the addition of PyC increases or decreases, respectively, the mineraliza-
tion rate of native soil organic C (Maestrini et al., 2015; Wang et al.,
2016a). These contrasted results could be since different directions
and magnitudes of the priming effect promoted by PyC seem to be mod-
ulated by multiple factors. Thus, it has been reported that the priming
effect induced by PCM incorporation into soils could be modulated by
changes in the soil microbial community structure, the nature of the C
added (labile C vs less decomposable fractions) or by soil pH (Drake
et al., 2013; Fang et al., 2019; Luo et al., 2011; Santos et al., 2012).

Many studies also have associated priming effect with changes in N
dynamics (Chen et al., 2014; Fontaine et al., 2003; Kuzyakov et al.,
2000). Clough et al. (2013) described that PCM can absorb N through
ion-exchange, can remove ammonium (NHJ -N) by adsorption and
can stimulate immobilization of nitrate (NO3N). DeLuca et al. (2006)
observed a short-term increase of nitrification rate promoted by the ad-
dition of PyC. In addition, Craine et al. (2007) found that a low soil N
availability increases soil organic C mineralization rate. Based on these
findings, Fontaine et al. (2011) and Chen et al. (2014) suggested that
shortage of available N could favour microorganisms able to use C
from recalcitrant organic matter (K-strategists), such as PCM, over mi-
crobial species that only feed on fresh-C and immobilize nutrients
from the soil solution (r-strategists).

An increasing fire risk due to climate change (Bedia et al., 2014), as
well as to continued land abandonment, could lead to increased fire se-
verities or frequencies. The increasing number of fires occurring in areas
in recovery from previous fires might results in shifts in the trajectories

of the ecosystems in comparison with those expected after fires that
occur after a long period since the previous one (Malkisnon et al.,
2011). Under these new scenarios of changing fire regimes, a better un-
derstanding of the role PyC on soil organic matter mineralization is
needed.

Wildfires or prescribed fires does not allow us to control and record
the temperatures reached in the soil and the amount and type of PCM
(from charcoal to ash) incorporated to the soil. In contrast, soil heating
and PCM amendments under laboratory conditions provides the oppor-
tunity to isolate the effect of these environmental factors. Many exam-
ples about the utility of this methodology are reviewed in Pereira et al.
(2019a). Until now, however, no study has evaluated the effects of ther-
mal shock and PCM incorporation on C and N dynamics of soils with dif-
ferent fire history.

The main objective of this study was to assess the effect of fire on C
and N mineralization rates and main microbial groups of soil with differ-
ent fire history. We hypothesized that an increase in fire frequency
would lead to a slower recovery of the soil microbial functionality, lead-
ing to cumulative imbalances in C and N cycling.

In order to test this hypothesis soils with different fire history were
experimentally subjected to a heat-shock treatment and amended
with different PCMs, derived from burning Pinus pinaster biomass.
Soils were incubated under laboratory conditions and C and N mineral-
ization rates were measured over a three-month period. In addition, the
effect of these treatments in the main microbial groups was evaluated.

2. Material and methods
2.1. Soil sampling and pyrogenic carbonaceous material production

Soils were collected from forest ecosystems affected by different fire
history. The sites were located in the south face of Sierra de Gredos, in
the Sistema Central Mountain Chain (central Spain), at elevation be-
tween 750 and 1250 m.a.s.l. (Fig. 1; Supplementary material, Table S1).
In this area, repeated fires have promoted a transition from Pinus
pinaster Ait. forests to shrublands, dominated by Cytisus striatus (Hill)
Rothm. and Cytisus multiflorus (L'Hér.) Sweet. Soils are Humic Cambisols
(IUSS Working Group WRB, 2015) on Hercynian granites bed-rocks
(GEODE, 2004). The soils have a loamy sand texture. The climate in
the area is Mediterranean (Csa-Csb, as defined by the Képpen-Geiger),
with dry and hot summers, and wet and mild winters (Kriticos et al.,
2012). Average annual temperature is 10.9 & 0.7 °C and with an average
annual rainfall of 524 4+ 99 mm (Climatic Research Unit TS V4.01)
(Harris et al., 2014).

The perimeters of the three fires, occurred in 1979, 1990 and 2009,
were chosen to delimit areas that were burned 1, 2 or 3 times, with
moderate to high severity. In addition, a nearby area without fires, for
at least 60 years since this study was carried out, was selected as an un-
burned reference (Fig. 1, Table S1). For each fire history, three sampling
sites were selected with similar orientation, slope, parent material, soil
type (400 m? size). They were more than 200 m apart. All areas were
covered by P. pinaster forests when the first fire occurred. The sampling
sites were selected so that they would not have any obvious signs of
having been managed, except for salvage logging, which is regularly
practiced in the area. In each sampling area, three sub-samples were
collected from the top 5 cm of mineral soil within a 0.25 x 0.25 m
still-frame. Soil sub-samples were transported in isothermal bag
(4 °C) to the laboratory, where they were air dried and stored until fur-
ther treatments or analysis. For each soil sub-sample, roots and coarse
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Fig. 1. Location of the study sites of unburned areas (RO-UB), areas burned once (2009; R1-09), twice (1990, 2009; R2-90/09) and thrice (1979, 1990 and 2009; R3-79/90/09).

litter fragments were removed, prior to sieving (<2 mm), after which
they were mixed together to form a composite sample per sampling
area.

The methods used to obtain experimental charcoal (CH hereafter)
and ash (ASH) intended to simulate PCMs formed in different microsites
of a low- to moderate-intensity surface wildfire under field conditions
(Pereira et al., 2019b). Pyrogenic carbonaceous materials (PCM) were
produced from litter collected from a P. pinaster forest from an area
with similar conditions to the soil samples. Soil and litter sampling
were carried out in February 2018. The collected litter was air dried
and stored until further use. Pine twigs were separated from an aliquot
of litter collected in the field and dried at 65 °C for 48 h. The mean diam-
eter of twigs was 4.71 mm (ranging from 1.26 mm to 17.98 mm). CH
was obtained from pine twigs by ignition in a muffle furnace at 450 °C
during 15 min. Subsequently, the resulting CH was grounded and sieved
(<2 mm), obtaining the following size distribution: 36% <500 um, 27%
500-1000 pum, 23% 1000-1600 pm and 14% 1600-2000 pm. ASH, de-
fined as the particulate residue remaining from the burning of wildland
fuels and consisting of mineral materials and charred organic compo-
nents (Bodi et al., 2014), was obtained by burning litter in a metallic
container, reaching a maximum instantaneous temperature of
900 °C (recorded with a thermo-laser gun). The resulting material
was homogenized at 550 °C for 1 h in a muffle furnace and sieved
(<1 mm).

2.2. Characterization of soils and pyrogenic carbonaceous materials

Total carbon and nitrogen were quantified in soils by using an
autoanalyzer CNHS (Leco TruSpec Micro). Water-soluble C was esti-
mated following the methodology proposed by Ghani et al. (2003).
Soil pH was determined in a slurry with 0.01 M CaCl, (1:1, w:w ratio),

following McLean (1982). Soil organic matter was obtained by
measuring weight lost on ignition (550 °C 2 h) (Nelson and Sommers,
1996). Soil cation exchange capacity (CEC) was analysed by Na
saturation with NaOAc and displacement with AcONH,, according to
Rhoades (1982). Soil NHZ -N and NO3 -N were analysed by spectropho-
tometry after 2 M KCl extraction, following Mulvaney (1996) and
Keeney and Nelson (1982), respectively. The sum of both was consid-
ered as total inorganic N (TIN). Labile phosphate (PO33-P) was
extracted in 0.5 M NaHCO3 (pH: 8.5) (Olsen and Sommers, 1982), and
quantified by the colorimetric method of John (1970). Soil texture was
determined by pipette method (Gee and Bauder, 1986), after
dispersion of 10 g of soil with a sodium hexametaphosphate and
sodium carbonate solution.

Total C, (TC), total N (TN) and total hydrogen (TH) were quantified
in PCM (CH and ASH) by using an autoanalyzer CNHS (Leco TruSpec
Micro). Total oxygen of PCM was determined by difference, assuming
that PCM is composed of C, N, H, O and residual-ash only. The elemental
ratios C:N, H:C and O:C were calculated with the concentrations data of
the elements and their atomic ratios were calculated by correcting them
for their atomic masses. Volatile matter and residual-ash content in PCM
(CH and ASH) were determined using a slightly modified version of the
ASTM method (D-1762-84) described by Zimmerman (2010), involving
measurement of weight loss following combustion. One gram PCM
samples - in triplicate - were weighed in porcelain crucibles. For
water content estimation, samples were dried at 104 °C for 16 h. Sam-
ples were heated to 750 °C for 6 h (uncovered crucible) for residual-
ash content and to 950 °C for 6 min (covered crucible) for volatile mat-
ter quantification. The percentage of fixed carbon was determined, as
described by Ronsse et al. (2013). Briefly, water, residual-ash and vola-
tile matter content were subtracted from the weight of the original sam-
ple. Water-soluble C, pH, NHZ-N, NO3-N and POz >-P were also
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analysed in PCM, following the methodology described previously for
soil samples.

2.3. Mesocosm experiment setup

The laboratory mesocosm experiment was established using a de-
sign to simulate the effects of fire (heat shock and PCM amendment)
on C and N mineralization of soils that had been previously subjected
to a different fire history. The general properties of soils and PCM used
in this experiment are summarized in Tables 1 and 2. Aliquots of soil
samples (150 g dry weight) representative of the different fire histories
(RO, R1, R2 and R3) were weighted in jars and further subjected to a
heat shock in a muffle furnace (120 °C during 15 min). This will be here-
after referred as a heat (H) treatment. As a control treatment, additional
soil aliquots of the same fire histories where not treated (unheated,
UH). These experimental conditions pretend to simulate the conditions
described in the literature in low- to moderate-intensity wildfires or
prescribed fires of P. pinaster forests, in which the maximum tempera-
tures at 2-3 cm depth of mineral soil ranged about 40-125 °C (Maia
et al,, 2012; Merino et al., 2019; Plaza-Alvarez et al., 2019; Vega et al.,
2005).

Subsequently, i) one gram of charcoal (CH), ii) one gram ash (ASH)
or iii) one gram of charcoal plus one gram of ash (CH + ASH) were
added into heated (H) soils, and mixed to simulate different PCM ef-
fects. Thus, the amount of PyC added into the soils was 4.66 mg C g!
soil for CH, 0.62 mg C g~ ! soil for ASH, 5.28 mg C g~ ! soil for CH + ASH.
These concentrations are equivalent to approximately 2.21 Mg C ha™!
for CH, 0.29 Mg C ha™! for ASH and 2.51 Mg C ha~! for CH + ASH, con-
sidering a soil bulk density of 0.95 g cm—>. These values of PyC added to
the soil are in the range of figures reported in the literature for field con-
ditions (Bodi et al,, 2014; Santin et al., 2016). A set of heated soil samples
was left without any additional source of PCM. In addition, samples of
the different PCMs used in this study were incubated alone (i.e., without
soil). Fig. S1 (supplementary material), shows an outline of the whole
experimental design in which three replicates were considered per
treatment. All soil samples were pre-incubated in the dark at 25 °C
and 60% of their water holding capacity during fifteen days for their sta-
bilization, prior to the beginning of the 98 days of incubation period (but
after thermal shock). Water content of the soil samples was periodically
adjusted, and its fluctuations were always lower than 0.5%.

2.4. C and N mineralization

In soil and PCM samples the CO,-C production was continuously
measured using the alkali trap method on days 14, 28, 42, 56, 70, 84
and 98 of incubation, following the methodology of Anderson (1982).
One and two-pool exponential decay models were tested. However,
the first order exponential decay model (Q(t) = Co-e ) was selected
due to its best-fit, showing a higher R?. C, represents the size of the

Science of the Total Environment 802 (2022) 149924

Table 2

General chemical properties of pyrogenic carbonaceous materials (charcoal and ash). Dif-
ferent letters denote significant differences between them (o = 0.05); mean + standard
deviation.

Pyrogenic carbonaceous materials

Charcoal (n = 3) Ash (n = 3)
pH 814+ 0.1b 120 £ 0.1a
Total C (%) 67.1 4+ 0.1a 86 + 02b
WSC (mg g~ ") 0.69 + 0.0a 033+ 00b
Total N (%)% 0.62 + 0.0a 0.15 4+ 0.0b
NO3-N (ug g7 1) 35+ 3.7a 21 +17a
NHZ-N (ug g~ 1) 24+ 15a 33 +30a
TIN (ug g~ 1) 59 4+ 5.1a 54 4+ 46a
Total H (%) 36+ 00a 02+01b
Total O (%)% 231 +00a 89+ 05b
PO;-P(ug g ") 0.7 £ 00b 43 +£03a
Residual ash (%) 56 +0.0b 822+ 02a
Volatile matter (VM) (%) 309 +0.1a 504+ 02b
Fixed C (FC) (%) 635+ 0.1a 129 £ 0.2b
VM:ECE 049 + 0.0a 039 + 0.0b
Elemental ratio C:N 1083 + 0.7 a 59.5 + 42b
Elemental ratio 0:C? 034 +0.0b 1.03 £ 0.1a
Elemental ratio H:C® 0.05 + 0.0a 0.03 + 0.0b
Atomic ratio C:N 1263 + 09a 69.3 +£49b
Atomic ratio 0:C3 026 £ 0.0b 0.77 £ 0.1a
Atomic ratio H:C? 0.65 + 0.0a 030+ 0.1b

8 Welch's Heteroscedastic F-test (e = 0.05).

potentially mineralizable C fraction (mg CO,-C g~ '), k is the potentially
mineralizable C decay rate (d~') and t is time of incubation (days). The
mean residence time (MRT) of Co was estimated as the inverse of k
(MRT = 1/k) and expressed in days. Half-life time (t;,) was
calculated as t, = In(2)-MRT.

In order to evaluate the dynamic of available inorganic N, soil sub-
samples were taken from each experimental unit after 0, 14, 28, 42,
56, 70, 84 and 98 days of incubation. The content of ammonium and ni-
trate was analysed as previously described, following Mulvaney (1996)
and Keeney and Nelson (1982), respectively. Net N mineralization was
calculated as the net increase in NHf -N and NO3 -N over the incubation
periods; the net increase in NO3 -N was used to calculate the net nitrifi-
cation rate (Hart et al.,, 1994).

2.5. Estimation of the priming effect

The priming effect is considered as the extra soil organic matter min-
eralization, quantified as CO,-C production, caused by the addition of PCM
to the soil (Kuzyakov et al., 2000). Thus, the priming effect magnitude was
calculated for each sample as the difference between the observed CO,-C
(Robs) produced by heated soils in which PCM had been added (Q/pcmy),
and the sum of CO»-C (Rexp) produced by PCM (Qpcmy) plus that

Table 1
General soil properties of the study areas. Different letters denote significant differences among fire histories (cc = 0.05); mean + standard deviation.
Fire history
RO R1 R2 R3
pH 41 +£00c 44 +01b 52+ 02a 46 £ 0.1b
Soil organic matter (mg g~ ') 162 + 20.1a 132 £ 99ab 122 4+ 18.1ab 101 + 128b
Total C (mg g~ ') 93 + 6.8a 58 + 89b 51 £ 103b 41 £9.0b
Water-soluble C (WSC) (mg g~ ) 1.0 £ 0.1a 0.6 + 0.0b 08 +0.1b 074+ 0.1b
Total N (mg g~ 1) 34403 35+ 06 2.8 + 04 29 £ 08
NOs-N (pg g™") 40 +21c 364 + 109b 57.5 £ 10.6 ab 705 £ 15.1a
NHi-N (ug g 1)8 31+ 06a 1.0 + 0.1ab 0.9 + 0.1 bc 09 +£0.0c
Total inorganic N (ug g~ ) 71 +27¢ 374 + 11.0b 58.4 + 10.6 ab 713 £ 15.1a
WSC:TOCT 1.1 +02a 0.8 + 0.0b 1.1+ 02ab 1.1+01a
C:N 28 +28a 22 + 24ab 26 + 3.2ab 21 £3.1b
PO >-P(pg g ) 85+ 21c 364 + 95D 272 + 84D 68.7 + 45a

8 Welch's Heteroscedastic F-test (e = 0.05).

1.724 as conversion factor was applied to estimate the total organic C (TOC) from the SOM.
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produced by the heated soils without PCM additions (Qgy), according to
(Eq. (1)):

PE = Robs - Rexp (1 )

The Rexp values were estimated by bootstrapping according to
(Eq. (2)):

Qeny + Queemy = Qi + (f/3) x 22 Qpemii (2)

where f is the proportion of material added to the sample, Qyj.) is the
CO,-C produced by the heated soils (H) incubated separately, Q(pcm-j)
is the CO,-C produced by PCM incubated separately (CH, ASH and
CH + ASH) and k is the number of samples of PCM incubated in the time
j. The relative intensity of the priming effect (PE %) was estimated as a
percentage of change relative to the control CO,-C production, as follow
(Eq. (3)).

PE (%) = 100 x [[Qpu.pcm —(Qu + Qpem)]/ (Qu + Qpem)] 3)

2.6. Microbial community structure

The abundance of the main microbial groups and an estimate of mi-
crobial biomass were determined by the direct extraction of ester-
linked fatty acids (ELFAs) from an aliquot of soil samples collected at
the day 14 of incubation, following Schutter and Dick (2000). Briefly,
3 g of soil (fresh weight) were mixed with 15 mL 0.2 M KOH in metha-
nol and 2.5 pg of internal standard (C19:0), then shaken at 100 rpm at
37 °C for 1 h, thus allowing the release and subsequent methylation of
ELFAs. Soil pH was then neutralized by the addition of 3 mL 1.0 M acetic
acid, and fatty acid methyl esters were extracted with 10 mL hexane.
After centrifugation (5 min, 5000 rpm), the upper hexane layer was
transferred to clean tubes and evaporated by using a rotavapor
equipped with a vacuum pump. Dried fatty acids were re-suspended
in 180 pL hexane to be analysed by a gas chromatograph (Thermo Scien-
tific FOCUS™), equipped with a flame ionization detector and a fused-
silica capillary column Mega-10 (50 m x 0.32 mm LD.; film thickness
0.25 pm). The gas chromatograph temperature progression was as fol-
lows: initial isotherm at 115 °C for 5 min, increase at a rate of 1.5 °C
per minute from 115 to 230 °C, and final isotherm at 230 °C for 2 min.
The identification of the fatty acid peaks was carried out by the compar-
ison of the retention time of each one with known standard compounds
(Supelco Bacterial Acid Methyl Esters mix cat no. 47080-U and Supelco
37 Component FAME mix cat no. 47885-U). Fatty acids were quantified
relative to nonadecanoic acid methyl ester (C19:0; N-5377, Sigma
Chemical Inc.), used as an internal standard assuming equimolar re-
sponses by all fatty acids. Concentrations of fatty acids were expressed
as micromole per gram of dry soil (umol of FA g~ '). The total ELFAs
was assumed as a measure of the total soil microbial biomass. Peaks in
the region between tetradecanoic methyl ester (C14:0) and arachidonic
acid (C20:4w6¢) were included in this analysis, unless otherwise stated,
as of microbial origin (Laudicina et al., 2012). The fatty acid nomencla-
ture was as described by Hinojosa et al. (2005). Fatty acid methyl esters
C14:0i, C15:0a, C15:0i, C16:0i, C17:0a and C17:0i were reported as
marker of Gram-positive bacteria. C16:1w7¢, C16:1»9¢, C18:1w7c,
C17:0cy and C19:0cy were used as Gram-negative bacteria markers.
The sum of both Gram-positive and Gram-negative was considered as
total bacterial (B) marker (Frostegdrd and Baath, 1996). C16:1w5c
was used as arbuscular mycorrhizal marker in soils (Madan et al.,
2002), polyunsaturated fatty acids 18:316,9,12¢c and 18:2®6,9c¢ as fun-
gal biomarkers (Bossio and Scow, 1998) and 10Me16:0, 10Me17:0 and
10Me18:0 for actinobacteria (Lechevalier and Moss, 1977).
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2.7. Statistical analysis

The impossibility to replicate disturbance events such as wildfires,
makes experimental replication challenging (Oksanen, 2001; Van
Mantgem et al., 2001). To take advantage of the different fire histories
registered in our study area, we considered sampling sites within each
fire perimeter as independent, acknowledging that doing that con-
strains the scope of our inference, as it often occurs with wildfire field
experiments (Driscoll et al., 2010; Mayor et al., 2016; Van Mantgem
et al,, 2001).

One-way ANOVA was used to assess significant differences among
soils with different fire history, using Fisher LSD as post hoc analysis. Pre-
viously, normality and homogeneity of variance were tested in the data
with Shapiro-Wilk and “Levene” Barlett tests. When ANOVA assump-
tions were violated, Welch's heteroscedastic F-test was applied. A gen-
eral lineal model (GLM) was performed for each soil variable, using
“fire history” (RO, R1, R2 and R3) and “fire simulation treatments”
(UH, H, H/CH, H/ASH, H/CH + ASH) as main factors and considering
“sampling sites” (nested in “fire history”) as a random factor. When
there was not “fire history x fire simulation treatments” interaction ef-
fect but “fire history” effect was significant, a Tukey multiple compari-
son test was used to identify significant differences among specific
means.

Additionally, for each “fire history” level (RO, R1, R2 and R3) the sig-
nificance of fire simulation treatments effects was tested using one-way
ANOVA. Two-way repeated measures ANOVA was applied to defined
temporal processes interactions by factors. For repeated measures
ANOVA, Mauchly's Test was used to evaluate sphericity assumption.
The Greenhouse-Geisser correction was used for adjusting for lack of
sphericity when it was needed. One-way ANOVA tests were used to as-
sess significant differences among treatments for each sampling time.
Paired t-test was applied to compare expected and observed CO,-C pro-
duction rate at each time.

The effect of study factors (fire history and a new fire simulation
treatments) on the main soil microbial groups was tested using
PERMANOVA (permutational multivariate analysis of variance),
employing the relative abundance of the full set of fatty acids present
in the soil samples. This analysis was carried out with PERMANOVA,
based on 9999 permutations, and the Bray-Curtis distance measure of
dissimilarity for untransformed and unstandardized data. To aid the in-
terpretation of the PERMANOVA analyses, a non-metric multidimen-
sional scaling (NMDS) analysis was performed. NMDS ordination was
based on Bray-Curtis distance and carried out in R with the vegan and
MASS package. The final stability of each run was evaluated by examin-
ing plots of stress vs the number of iterations. The percentage of vari-
ance represented by each Axis were calculated (McCune et al., 2002).
In addition, the correlation between NMDS coordinates and the main
fatty acids-biomarkers were tested using Spearman correlation coeffi-
cients (a = 0.05). The Pearson correlations coefficients were also used
to determine the relationship between the microbial community struc-
ture (coordinates in NMDS axes 1 and 2) and the studied soil variables
(o = 0.05). The vectors, the determination coefficients (R?) and their
significances (p-value) were fitted in the NMDS ordination using the
envfit function, implemented with 9999 random permutations, for mi-
crobiological properties. The statistical analysis and graphical represen-
tation were carried out with the R Core Team version 3.6.1 (R Core
Team, 2019).

3. Results
3.1. General properties of pyrogenic carbonaceous materials

The properties of PCM used in this experiment are summarized in
Table 2. The PCM was characterized by a high C:N ratio, twice higher

in CH than in ASH. The CH produced in our study contained 671 +
1mgg~!of Cand 6.20 & 0.04 mg g~ ! of N, with a mean C:N ratio of
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108 + 1. The ASH produced in our study contained 86 + 2 mg g~ ' of C
and 1.45 £+ 0.01 mg g~ ' of N, and a mean C:N ratio of 60 + 4. The H:C
and O:C atomic ratios of CH, generally used as an indirect measure of
the aromaticity of a substance, were 0.65 4 0.02 and 0.26 4 0.01, re-
spectively. However, in the ASH produced in our study the H:C and O:
Catomic ratios were 0.30 £ 0.08 and 0.77 + 0.07, respectively (Table 2).

3.2. Soil carbon mineralization

Independently of the treatments, the cumulative amount and the
rate of CO,-C produced by unburnt soils (R0) were about twice higher
than those observed in soils previously affected by wildfires (R1, R2
and R3) (Fig. 2). Soil CO,-C production rate significantly decreased
over incubation time in all the treatments (p < 0.001). For unburned
soils (RO), the heat-shock and PCM addition treatments did not signifi-
cantly affect soil CO,-C production compared to the UH control (Fig. 2a).
On the other hand, CO,-C production in previously burned soils (R1, R2
and R3) was significantly affected by the interaction between fire simu-
lation treatments (heat-shock and PCM additions) and time (Fig. 2b-d).
In the short-term (first 15 days of incubation), heated and previously
burned soils (R1, R2 and R3) amended with any PCM showed a CO,-C
production rate significantly higher than the controls (H and UH). Soil
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amended with ASH and CH + ASH showed the highest initial CO,-C pro-
duction rates. Differences in the CO,-C production rate among heated
soils with PCM amendment and the controls (H and UH) decreased
over the incubation time, and were not significant at 98 days in R1
and R3, although still significant in R2. However, the significantly higher
cumulated total CO,-C production on soils (R1, R2 and R3) heated and
amended with ash (ASH and CH + ASH) was maintained at the end of
the experiment. In all cases, CO,-C production rate fitted a single expo-
nential decay model (R? > 0.66; p < 0.05) (the parameters of the models
are shown in Fig. 3). Potentially mineralizable C (Co) ranged from 1.3 to
4.1 mgof Cg~!, and it was significantly affected by the interaction be-
tween fire simulation treatments (heat-shock and PCM additions) and
the previous wildfire history (Fig. 3a). In general, Gy in unburned soils
(RO) was about twice (2.1-2.5) higher than that of soils previously
affected by wildfires (R1, R2 and R3). Among burned soils (mainly R1
and R3), those heated and amended with ash (ASH or CH + ASH) had
values of Cy 0.69-0.86 times higher than the controls (UH and H). A
similar pattern was observed also for the combined kCo parameter
(Fig. 3¢). For the study soils, the half-life time (t;) of 1 g of C, ranged
between 101 and 328 years (Fig. 3d) but for burned soils (mainly R1
and R3) the addition of ash (ASH or CH + ASH) significantly
decreased the t; , of Co.
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Fig. 2. CO,-C production rate (mg CO,-C g~ ' d~') and accumulate CO,-C production (mg CO,-C g~ ') at the day 98 of incubation in soils with different fire history (RO, R1, R2 and R3) with
and without heat treatment (H and UH) and with differential PCM amendments: charcoal (CH), ash (ASH) or both (CH + ASH); mean =+ standard error. For CO,-C production rate data
points are allocated between the two adjacent sampling dates. Significant effect of a two-way ANOVA repeated measures is noted with * (p < 0.05), ** (p < 0.01) or *** (p < 0.001). n.s.
denote no significant effect. Significant differences among treatments for each sampling time are noted with * (p < 0.05). For accumulate CO,-C production lower-case letters denote
significant differences (Fisher-LSD) among treatments within each fire history scenario (p < 0.05).
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Fig. 3. Parameters estimated according to the first order exponential decay model (Q(t) = Co-e*) for soil CO,-C production rate: a) Co - potentially mineralizable C; b) potentially
mineralizable C decay rate; c) their combination k-CO0 and d) the half-life time. All parameters were estimated in soils with different fire history (RO, R1, R2 and R3) with and without
heat treatment (H and UH) and with different PCM amendment: charcoal (CH), ash (ASH) or both (CH + ASH); mean =+ standard error. Significant effects of fire history [FH],
treatment [Treat], and their interaction [FH x Treat] are shown within the figures (ns, no significant effect; *, p < 0.05; ***, p < 0.001). Different lower-case letters denote significant

differences (Fisher-LSD) among treatments within each fire history scenario (p < 0.05).

3.3. Net N mineralization and nitrification rates

Burned soils had about 4-7 times more TIN (mainly in the form of
NOs3 -N) than the unburned RO control (Table 1; Figs. S2-S3). For all
burned soils, TIN increased along the incubation period (98 days),
with no differences among the heat shock and PCM addition treatments
applied (Fig. 4). As an exception, in R3, at the end of the incubation
period all heated soils (H), with and without PCM additions, had
highe TIN values than the unburned control (UH). For the net N
mineralization and nitrification rates a significant interaction
between fire simulation treatments (heat-shock and PCM additions)
and the previous wildfire history was observed (Fig. S4). In general,
unburned soils (RO) showed higher net N mineralization and nitrifi-
cation rates than burned soils (R1, R2 and R3). Except for R3 soil,
none of the study soils (RO, R1 and R2) had significant effects on
net N mineralization and nitrification rates after the heat-shock
and PCM amendments additions. For R3 soil, net N mineralization
and nitrification rates significantly increased after heat-shock and
PCM amendments.

3.4. Magnitude of the priming effect

The priming effect of the studied soils was significantly affected by
the interaction between fire simulation treatments (heat-shock and
PCM additions) and time (Fig. 5; Figs. S5-S6). In all cases, the highest
priming effect was observed in the short-term (14 days after the start
of the incubation), as it decreased with the incubation time (p < 0.05).
In unburned soil (RO), no priming effect was detected when comparing
the observed and the expected levels of cumulative CO,-C productions
of soil heated and amended with PCM. However, a positive priming ef-
fect was observed in soils previously affected by wildfires (R1, R2 and
R3) when they were heated and amended with PCM. In all previously
burned soils (R1, R2 and R3), ash amendments (ASH and CH + ASH) re-
sulted in the highest magnitude of priming effect. In soil amended with
CH, the priming effect was positive but lower than when it was
amended with ASH.

In our study, PO33-P was higher in burned than in unburned soils
and at 98 days of incubation it was significantly correlated with the
magnitude of priming effect (r = 0.443; p = 0.007) (Table 1, Fig. S7).
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Fig. 4. Total inorganic nitrogen along the 98 days of incubation for soils with different fire history (RO, R1, R2 and R3) with and without heat treatment (H and UH) and with different PCM

amendment: charcoal (CH), ash (ASH) or both (CH + ASH); mean 4 standard error. Significant effects of a two-way ANOVA repeated measures are noted with * (p < 0.05) or
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(p < 0.001). n.s. denote no significant effect. Significant differences among treatments for each sampling time are noted with * (p < 0.05).

Soil pH was significantly higher in burned than in unburned soils
(Table 1) at the end of the incubation period (98 days). After PCM
amendment soil pH remarkably increased in soils amended with ASH
(Fig. S8).

3.5. Microbial community structure by ELFAs

In general, the total amount of ELFAs and the relative abundance of
Gram-positive bacteria of unburned soils (RO) was significantly higher
than those of the soils previously affected by wildfires (R1, R2 and R3)
(Table S2). No significant differences in the total amount of ELFAs
were observed due to heat-shock and PCM addition treatments in any
of the studied soils, at least at the sampling time. Similarly, the heat-
shock and PCM treatments did not have significant effects in most of
the cases, except for fungi, which decreased with heat treatment in un-
burned soils. The PERMANOVA analysis of the whole profile of ELFAs ex-
tracted from soil revealed significant differences in the initial microbial
community structure among soils, with strong differences between the
unburned (RO) and burned soils (R1, R2 and R3) (p < 0.001) (Table S3).
The results from NMDS, using the whole set of ELFAs, confirmed the
PERMANOVA results and discriminated between the microbial commu-
nities in burned and unburned soils in NMDS Axis 1, which explained

most of the variance (79.76%) (Fig. 6). Axis 1 was positively correlated
with Gram-positive bacteria markers and the Gram-positive to Gram-
negative ratio and negatively correlated with total amount of ELFAs
(Table S4). On the other hand, no significant effect was observed due
to heat shock and PCM amendment treatments for most of the studied
soils ELFAs profiles (Fig. S9). Furthermore, a significant correlation was
found between the positive priming effect magnitude and the relative
abundance of Gram-positive bacteria (r = 0.352; p = 0.035).

4. Discussion

4.1. The effect of fire history on soil C and N mineralization rates and
microbial community structure

Our results demonstrate that wildfire is a disturbance that can have
long-lasting effects on the C and N mineralization rates and on the
microbial community of soils, even nine years after the last fire, in
P. pinaster forests of Central Spain.

The CO,-C production rate was lower in burned soils, with no differ-
ences due to the previous fire history (R1, R2 and R3). This agrees with
Wang et al. (2012), who described a significant reduction in CO,-C pro-
duction rate of burned soil up to 3 years after the fire and suggested that
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this might be largely driven by a reduction of soil organic matter and mi-
crobial biomass. At longer-term, other factors, such as a reduction of the
amount and quality of soil organic matter (Vargas et al., 2012) and/or
changes in the soil microbial community structure (Goberna et al.,
2012; Hinojosa et al., 2019), could also affect soil CO,-C production rate.

In this study, fire promoted changes from a P. pinaster woodlands to
shrublands dominated by Cytisus striatus and Cytisus multiflorus. Despite
a rapid post-fire recovery of plant cover of these ecosystems (Moreno
et al.,, 1996), the input of plant organic C to soil was limited, due to the
non-leafy nature of these shrubs and their tendency to accumulate the
dead branches on the shrub for long time. This is confirmed by the
low soil organic matter and water-soluble C observed in the burned
soils. In addition, lower values of both Cy and Cok were observed in
burned soils than in unburned ones, with similar values to those
obtained by Fernandez et al. (1999) under P. pinaster forest stands
two years after fire. Overall, such changes suggest that a lower
availability of C substrates for microbial respiration could explain, at
least partially, the lowest soil CO,-C production rate in burned soils
(Tessler et al., 2013).

In our study, there were not effects of fire frequency in soil CO,-C
production rate. It could be due to the fact that all burned soils had sim-
ilar values of total C, total N, water-soluble C and soil organic matter.

An increase of N mineralization rate immediately after fire has been
widely described in literature (Caon et al.,, 2014; Pellegrini and Jackson,
2020). In our study, the N mineralization rate was lower in burned than
in unburned soils still nine years post-fire. This agrees with previous
medium- and long-term post-fire studies which have shown a decrease
of N mineralization rate after frequent and infrequent fires up to
17 years later (Guénon et al., 2013; Koyama et al., 2010). The lower
net N mineralization and nitrification rates in burned soils than in un-
burned ones could be explained by their lower total C and N content,
and their lower microbial biomass (estimated as total ELFAs amount)
(Guénon et al., 2013).

As previously mentioned, the lower C and N mineralization rates ob-
served in burned soils compared with unburned ones could be also par-
tially attributed to the legacy effect of fire in soil microbiota (Guénon
et al., 2013; Hinojosa et al., 2019). In our study, burned soils showed
lower soil microbial biomass than unburned ones, with no remarkable
differences among fire histories. This negative effect of fire on soil mi-
crobial biomass, that even persist nine years post-fire, aligns with re-
sults reported by Pressler et al. (2019) and Dooley and Treseder
(2012), who found limited evidence of recovery of microbial biomass
10 years after fire. This lower microbial biomass in burned soils can be
explained by several potential mechanisms. During the fire, the short-
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term heat-transfer to soil may lead to an increase in the microbial mor-
tality (Hart et al., 2005). Afterward, the reduced microbial biomass fol-
lowing fires may be attributable to the reduced labile C input into soil
due a lower aboveground net primary productivity in burned soils
(Goberna et al., 2007; Hart et al., 2005); but also be driven by changes
in soil nutrients and soil water content (O'Donnell et al., 2009). In our
study, Gram-positive bacteria were more abundant in burned soils
than in unburned ones. This could be due to the fact that Gram-
positive bacteria can survive during fire forming heat resistant forms,
as spores, able of withstanding high temperatures (Russell, 2003;
Wang et al., 2016b). Additionally, Gram-negative bacteria use to be as-
sociated with simple C compounds whereas Gram-positive bacteria
are associated with more complex C forms (Fanin et al.,, 2019).

4.2. Response of C and N mineralization rates in soil with different fire
history after a new fire event

Fire not only had residual effects on soil C and N mineralization rates
and microbial biomass and community structure, as previously de-
scribed, but also modified the responsiveness of these soil properties
and functions after a new simulated fire.

No significant effects were observed in C and N mineralization rates
of soils with different fire history when only heat treatment was ap-
plied. This lack of heat-shock effect is probably due to the fact that we
used thermo-temporal conditions that simulated a low-medium-
intensity wildfire or a prescribed fire (120 °C during 15 min), without
severe changes in soil properties (Neary et al., 1999). Our results agree
with Raison and McGarity (1980) and Guerrero et al. (2005) who also
observed no effect of similar heat-shock conditions on soil mineraliza-
tion rates.

The amendments of PCM after the heat treatment did not affect C
and N mineralization rates of unburned soils. Nevertheless, PCM
amendment (CH, ASH and CH + ASH) to previously burned soils in-
creased CO,-C production rates, without differences among fire
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histories (R1, R2 and R3). In addition, only burned soils also showed a
significant positive priming effect, mainly those treated with ASH
alone or in combination to CH. Different CO,-C production rate after
PCM incorporation between unburned and previous burned soils
could be associated, at least partially, to the fire legacy on soil microbial
community structure. In our study, as previously described, soil ELFAs
profiles showed different microbial community structure in burned
and unburned soils. Thus, some of the microorganisms present in previ-
ously burned soils might be adapted to the resulting conditions after the
new fire event simulated here (with heat-shock and PCM incorpora-
tion), according to previous studies (Santos et al., 2012; Vazquez et al,,
1993). Thus, our results showed a significant correlation between the
positive priming effect magnitude and the relative abundance of
Gram-positive bacteria. Gram-positive bacteria are considered well-
adapted to fire for using aromatic-C and slowly decomposing sources
of organic C (Santos et al.,, 2012), such as lignin and aromatic/alkenes-
C that are found in high concentrations in PCM (Chapman and Koch,
2007).

Chen et al. (2014) suggested that the interactions between C and N
availability might control the soil priming effect. However, our results
did not show any correlation between priming effect and soil TIN con-
centration. This could be mainly due to the low TN and TIN added to
the soils with PCM amendment, at least compared with the mineralized
N. Our results are consistent with those reported by Wild et al. (2019),
that decouple priming effect and N-mining in the short-term, suggest-
ing that the addition of C promotes the mobilization of other soil organic
C sources associated with microbial food-web, releasing the chemically
protected fractions (mineral bonds).

On the other hand, the observation of a higher P availability in
burned than unburned soil and the correlation between P availability
and the magnitude of the priming effects suggests that the highest P
availability in burned soils might enhance the microbial turnover
(Gross and Angert, 2017). According to Chen et al. (2019), in soil with
high P availability the growth/death mode of microbial turnover pre-
dominates, whereas the maintenance mode is more important in soil
with low P concentration.

ASH alone or in combination with charcoal (CH + ASH) stimulated
soil CO,-C production rate more than CH alone. The CO,-C exponential
decay model showed that the ASH amendment significantly increased
Co, and k compared with soil without any PCM amendments. This agrees
with previous studies, in which ash addition resulted in a rapid increase
of the CO,-Creleased by soils with (Raison and McGarity, 1980) or with-
out previous heat treatment (Zimmermann and Frey, 2002). Addition-
ally, immediately after a wildfire, Bauhus et al. (1993) found positive
effects on CO,-C production at short-term, in the ash-bed of a Podzolic
soil.

Noyce et al. (2016) suggested that the effects of wood-ash on micro-
bial activity may be related to limitation by nutrients availability. How-
ever, in our case the incorporation of available P and TIN to soils
resulting from ASH amendment was very slow, suggests that in our
case the stimulating effect of ASH on CO,-C emission was not related
to nutrient availability limitation. Increased pH as a consequence of
ashes incorporation into soils is considered another key driver of soil
microbial activity (Pereira et al., 2019a). Thus, ASH amendment could
generate micro-changes in soil pH and a raise of dissolved soil organic
matter, increasing the CO,-C production rate. Curtin et al. (2016) indi-
cate that the response of dissolved organic matter to base addition de-
pends, to a large extent, on how cation and anion solubility change.
The input of a base cation with a weak affinity for the newly created
(pH-dependent) exchange sites could result in a large increase in cation
solubility, which must be balanced by inorganic and organic anions. The
relative amounts of organic and inorganic anions released by added
base (OH™) will vary depending on the quantity of adsorbed anions in
the soil and their bonding strength. This agrees with previous studies
which reported that PCM incorporated to soils generates particular con-
ditions (e.g. higher pH and adsorption capacity) than enhance microbial
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activity in its closest area of influence, the “charosphere” (Pingree and
DeLuca, 2017). Despite increasing microbial activity, ASH amendment
did not significantly modify soil microbial biomass or community struc-
ture. It is probably because the ASH amendment had not enough time to
alter soil microbial composition; however, larger effects could be seen in
the longer term. Noyce et al. (2016) found only minimal changes in the
native soil microbial community 12 months after wood-ash addition on
top of soil. However, Bang-Andreasen et al. (2017) reported that wood-
ash application to forest soil caused significant changes to bacterial
numbers, richness, diversity and community composition after
42 days of incubation on a microcosms experiment. These apparently
contradictory results could be due to the different nature and amount
of ash incorporated in the different studies, and also to different ap-
proaches used to evaluate changes in microbial community structure
(for example, DNA-based methods or based on soil fatty acid profile).

The positive correlation between the priming effect magnitude and
soil pH found at 98 days of incubation (r = 0.622; p < 0.001) suggests
that changes in soil pH could also drive the higher positive priming ef-
fect observed in burned soils amended with ASH.

The priming effect found in burned soil after PCM amendment
(mainly ASH) should be distinguished in “real” (soil organic matter de-
composition as a result of co-metabolism) and “apparent” priming ef-
fect (changes in microbial biomass turnover without effects on soil
organic matter decomposition) (Blagodatskaya and Kuzyakov, 2008).
Since we determined CO,-C production rates after PCM amendment,
but not directly the soil organic matter turnover, the origin of the
extra CO,-C (primed-C) cannot be directly evaluated, and thus the
“real” priming effect cannot be directly assessed. Nevertheless, our re-
sults suggest that when ASH was supplied to soils the positive priming
effect was “real” because the balance between CO,-C produced vs PyC
added was positive (Fig. S5), implying that the CO,-C produced was de-
rived from native soil organic matter. Previous studies (e.g., Kuzyakov
et al., 2009) have suggested that in general the decomposition of PyC
in the soils is very slow and its mineralization decreases with time
due to physical protection. In the same way, in our study most of the
CO,-C produced when CH was added might also derived from the min-
eralization of the native soil organic matter.

5. Conclusions

This study demonstrates that fire occurrence can leave a legacy on
soil C and N mineralization processes; likely due to changes in the soil
microbial community and soil C and N pools. In addition, this study
shows that the legacy of previous fires can change the rate of these
soil processes after a new fire event. After a simulated new fire event,
CO,-C production rates increased only on soils previously burned, inde-
pendently of their previous fire history. The results show that fire-
derived carbonaceous material can produce a positive priming effect
only in previously burned soils, enhancing the CO,-C emissions from
them, at least in the short-term. This positive priming effect produced
by pyrogenic carbonaceous material could be due to an increase in the
activity of soil microorganisms more adapted to fire (probably Gram-
positive bacteria) and to the higher P availability. In addition, the higher
CO,-C production rate and priming effect observed when ash was
amended to burned soils might be also due to the increased soil pH.

Notwithstanding, the knowledge gained from this study can help to
improve the models that represent the net impact of fire within the
Earth system carbon cycling, to decrease the uncertainties in future pro-
jections and to understand the potential role of fire management for cli-
mate change mitigation. This is especially relevant due to the increased
fire risk associated with changes in climate and land-use in many fire-
prone regions of the world. Nevertheless, further studies are needed
to more fully understand the mechanisms underlying these processes,
including the use of approaches based on stable isotope labelling and
the identification of both soil organic C fractions of different protection
levels and microorganism responsible of the increase in CO,
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production. Since the observed effects here may in part respond to the
nature of the fire treatment, further studies are also needed to
evaluate the effects of high intensity fires.
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