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HIGHLIGHTS GRAPHICAL ABSTRACT

« Soil organic matter (SOM) as marker of
post fire recovery.

* Analytical pyrolysis shows SOM alter-
ations at a molecular level.

* Alteration of SOM quality is due to
climate and post fire management ac-
tivities.

* Major changes exerted by fire on SOM
are diluted 2 years later.
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from a Cambisol under a Mediterranean forest affected by a wildfire is studied in detail in order to assess soil
health status and better understand of soil recovery after the fire event. The soil was sampled one month and
twenty-five months after the wildfire. A nearby unburnt site was taken as control soil. Soil rehabilitation actions
involving heavy machinery to remove burnt vegetation were conducted sixteen months after the wildfire. Imme-

Keywords:

Organic matter diately after fire the SOM increased in topsoil due to inputs from charred vegetation, whereas a decrease was ob-
Analytical pyrolysis served in the underlying soil layer. Twenty-five months after fire soil-pH increased in fire-affected topsoil due to
13C NMR spectroscopy the presence of ashes, a decrease in SOM content was recorded for the burnt topsoil and similar trend was ob-
Wildfire served for the water holding capacity. The pyro-chromatograms of burned soils revealed the formation of addi-
Soil quality tional aromatic compounds. The thermal cracking of long-chain n-alkanes was also detected. Solid-state '>*C NMR
Mediterranean ecosystems spectroscopy supported the increase of aromatic compounds in the fire-affected topsoil due to the accumulation

of charcoal, whereas the deeper soil sections were not affected by the fire. Two years later, soil parameters for the
unburnt and burnt sites showed comparable values. The reduction of the relative intensity in the aromatic C
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region of the NMR spectra indicated a decrease in the charcoal content of the topsoil. Due to the negligible slope
in the sampling site, the loss of charcoal was explained by the post-fire restoration activity, degradation, leaching
of pyrogenic SOM into deeper soil horizons or wind erosion. Our results support that in the Mediterranean region,
fire-induced alteration of the SOM is not lasting in the long-term.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Wildfires cause significant changes in soil physical, chemical and bi-
ological properties (Gonzalez-Pérez et al., 2004; Certini, 2005). Changes
in some soil properties such as aggregate stability, cation exchange ca-
pacity (Almendros et al., 1984; Badia-Villas et al., 2014), or water
repellence (Arcenegui et al., 2007, Jordan et al., 2014), in the soil organic
matter (SOM) content are well documented (Certini et al., 2011;
Badia-Villas et al., 2014), although the fire-induced alterations of SOM
quality and quantity may not last on a long-term scale. Since fire
removes the vegetation cover, the risk of soil degradation through soil
erosion, leaching of nutrients and SOM loss due to the lack of new litter
inputincreases (De la Rosa et al., 2012; Faria et al,, 2015). Desertification
risks are of particular importance in Mediterranean ecosystems
(Shakesby, 2011) where forest fires are frequent (Rasilla et al., 2010).
The periodicity of wildfires has increased dramatically from the 1960s,
and consequently the design and application of proper restoration strat-
egies are key issues. Nevertheless, in many occasions the restoration
strategies are not the most appropriate for semiarid Mediterranean eco-
systems, and lead to irreversible loss of SOM, further degradation and
soil losses by erosion.

The SOM is of paramount importance for soil restoration. Several
studies have focused on the quantitative analysis of SOM in fire-
affected soils, but few works study the SOM quality (Certini et al.,
2011, De la Rosa et al., 2012; Gonzalez-Pérez et al., 2008). After a fire,
the amount of SOM may vary largely depending on several factors like
the fire intensity and propagation patterns, the combustibility of the
vegetation and the accessibility and size of fuel loads (Almendros and
Gonzalez-Vila, 2012). Intense wildfires can destroy most of the SOM
whereas it is frequently observed that medium-intensity fires cause an
increase of SOM because of inputs of partially burnt plant materials or
leaves falling from the post-fire stressed vegetation (Knicker et al.,
2006). This fact is important to forecast the erosion risk after a forest
fire. In addition to the effect of fire in the total amount of SOM, the fire
also produces important changes in SOM quality, exerting alterations
in its chemical composition (Gonzalez-Pérez et al., 2004). The study of
fire-mediated SOM alteration and its evolution could provide valuable
markers for monitoring the recovery of soils after wildfire, being also in-
formative for decision making and planning environmental restoration
actions (Gonzalez-Pérez et al., 2008).

Analytical pyrolysis (Py-GC/MS) has been successfully used to de-
scribe quantitative changes exerted by fire on SOM molecular composi-
tion (De la Rosa et al.,, 2012). The technique is useful to identify
molecular source indicators informing on the origin and transformation
of most natural macromolecular substances in SOM. In particular the
study of alkyl compounds in SOM (including n-alkanes, n-alkenes or
n-fatty acids) have been used to detect alterations produced to
SOM through heating (Faria et al., 2015; Gonzélez-Pérez et al., 2008;
Wiesenberg et al,, 2009).

Solid-state nuclear magnetic resonance spectrometry (CPMAS >C
NMR) is a non-degradative technique which provides valuable quanti-
tative information of the bulk chemical composition of SOM (Wilson
et al,, 1984). In general, it is considered a powerful technique to assess
SOM quality (Preston, 1996) and has also been used to characterize
changes in SOM after a fire (Forte et al., 2006; Knicker, 2007).

The objective of the present study was to monitor the effect of a for-
est fire in general and specific SOM features in a Cambisol from South-
western Spain, to evaluate post-fire recovery and elucidate how forest
rehabilitation management strategies after the fire event affected the

recovery of the soil. In order to achieve that goal a combination of com-
plementary analytical techniques i.e. elemental analysis (EA), solid-
state NMR spectroscopy (CPMAS 3C NMR) and analytical pyrolysis
(Py-GC/MS), has been employed.

2. Material and methods
2.1. Study area and sampling

The study site is located in the “Sierra de San Pablo” close to
Montellano municipality in Seville, SW Spain (37° 0.0490’ N; 5°
32.8628" W; 510 m a.s.l; slope < 10°) under a typical Mediterranean
dry climate, characterized by very dry and hot summers followed by ep-
isodes of heavy rain in autumn and winter. In these two years, the aver-
age rainfall in the area was 610 mm year™ !, reaching temperatures over
40 °C in summer. On 12th August 2012, a wildfire with medium inten-
sity affected an area of ca. 90 ha of this site (Fig. 1). Before the fire, the
vegetation was dominated by pine (Pinus pinaster and Pinus halepensis)
and eucalyptus (Eucalyptus globulus). As part of the post-fire rehabilita-
tion program, sixteen months after the fire, branches, stems, bushes,
trunks of dead trees were removed using heavy machinery. At month
25, the vegetation of the burnt area was composed of just forest
understory, which consisted of herbaceous and Mediterranean
bush groundcover (mainly Cistus sp. and Halimium sp., followed by
Rosmarinus officinalis and Silybum marianum) and some small Pinus
halepensis and Eucalyptus globulus. Those species were also present in
the unburnt area.

One month after the fire, soil samples from the Calcaric Cambisol
(WRB, 2015) were collected from the burnt site (B) and from an un-
burnt (UB) location with the same physiographic conditions and located
nearby, just outside the fire-affected perimeter. The sampling was re-
peated twenty-five months after the wildfire. In both cases composite
samples were prepared from soil material collected in five randomly
chosen sections in an area of approximately 100 m?. The samples
were collected at 0-1 cm, 1-5 cm, 5-10 cm and 10-15 cm soil depths.
During the first sampling, and in order to analyse separately the litter
layer present, the uppermost soil section (0-1 cm) was divided into
two layers; 0-0.5 mm, with macroscopic fragments of leaves and
0.5-1 cm, with incipient macro aggregates. Moreover, samples of char-
coal were collected by hand-picking from the surface of the B site. In the
laboratory the composite soil samples were oven-dried (40 °C, 48 h)
and homogenized by sieving (<2 mm).

2.2. Physical and chemical properties of soil

Soil pH and electrical conductivity was measured in water with a
Crison pH-meter BASIC 20 in a soil-water slurry (1:2.5). Water holding
capacity (WHC) was determined according to the method described in
Guitian and Carballas (1976). Elemental (EA) analysis was carried out
by dry combustion in a flash 2000 HT (C, H, S) elemental micro-
analyser (Thermo Scientific, Bremen, Germany) at a combustion tem-
perature of 1020 °C. Total nitrogen (N) and carbon (TC) were measured
in triplicated and total organic carbon (TOC) was determined after the
removal of carbonates by treating the soils samples with 1 M HCL

2.3. Analytical pyrolysis (Py-GC/MS)

Pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS) was
carried out with a double shot pyrolyser PY2020iD (Frontier Lab Ltd.,
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Fig. 1. View of the burned area in Montellano (Seville, SW Spain). (B) Location of the burnt (B) and unburnt sites (UB). Image from Google Earth.

Fukushima, Japan) coupled to a GC/MS system Agilent 6890 using a
phenylmethylsiloxane column (Agilent HP-5MS 5%). Pyrolysis was con-
ducted at 600 °C for 1 min. The carrier gas was helium at a flow rate of
1 mL-min~!. The GC oven temperature was held at 50 °C for 1 min,
then increased to 100 °C at 30 °C min~', from 100 °C to 300 °C at
10°Cmin~', and isothermal at 300 °C for 10 min. The detector consisted
of an Agilent 5973 mass selective detector, and mass spectra were ac-
quired with a 70 eV ionizing energy. To identify each compound, the re-
sults were compared with published and stored (NIST and Wiley
libraries).

24. Solid state '>C nuclear magnetic resonance spectroscopy (CPMAS >C
NMR)

The solid-state '3C NMR spectra were obtained in a Bruker Avance III
HD 400 MHz instrument operating at a frequency of 100.64 MHz and
using ZrO, rotors of 4 mm OD with Kel-F caps. The cross polarization
(CP) technique was used during magic-angle spinning (MAS) of the
rotor at 14 kHz. A ramped 1H-pulse was applied during the 1 ms contact
time to circumvent Hartmann-Hahn mismatches. Employing a pulse
delay of 300 ms, between 10,000 and 40,000 scans were accumulated.
A line broadening between 75 and 100 Hz was used. The 'C chemical
shifts were calibrated relative to tetramethylsilane (0 ppm) with glycine
(COOH at 176.08 ppm). The spectra were quantified by subdividing
them into the following chemical shift regions as described in Knicker
(2011): alkyl C (0-45 ppm); N-alkyl/methoxyl C (45-60 ppm); O-
alkyl C (60-110 ppm); aromatic C (110-160 ppm); carbonyl/amide C
(160-245 ppm). The 3C intensity distribution was determined by inte-
grating signal intensity over the above-mentioned chemical shift re-
gions using the MestreNova 10 software. In order to remove the
paramagnetic minerals that may interfere with the NMR signals and
to concentrate the SOM, prior NMR analysis the samples were
demineralized with 10% (v/v) hydrofluoric acid (HF) (Gongalves et al.,
2003; Knicker, 2011).

3. Results and discussion
3.1. Soil physical, chemical properties and elemental (C, N) composition

One month after the fire a pH increase was observed in the topsoil
(0.5-1 cm) samples of burnt (B) site as compared with the UB samples

(7.2 and 6.6 respectively; Table 1), this is attributed to a liming effect
caused by the release of bases from the ashes. No remarkable changes
were observed at deeper sections. Twenty five months after the wildfire,
similar pH values were recorded at both sites (B and UB) probably due
to post-fire leaching processes of exchangeable bases. The EC values in
the top sections of B soil decreased in comparison with the UB (218
vs. 388 uS-cm™ '), as could correspond to fly ash exportation of soluble
ions in dust particles. As in the case of pH, the EC of B and UB samples
taken 25 months after the wildfire showed similar values. Nevertheless,
EC values of soils sampled 25 months after the fire were lower than
initially.

After 1 month from the fire there was an increase in WHC in the B
topsoil and a decrease in the underlying layer (1-5 cm depth). The
WHC decreased sharply in samples collected 24 months later, both in
B and UB sites, paralleling the decrease in SOM. This could be due to a
loss of humus and litter layer due to the severe dry summer of 2014
and the partial removal of the A-horizon during the post fire rehabilita-
tion activities in site B. Both factors may have contributed to the loss of
SOM in the topsoil. The values of total C (%) and TOC (%) shows similar
variations (Table 1). After the fire, the TOC of the topsoil (0.5-1 cm) of B
sample increased (44%) compared with UB sample (25%) due to the
probable input of partially burned biomass from the fire-stressed vege-
tation. The TOC content decreased in the depth 1-5 cm of burnt soil and
no significant differences were found in deeper soil sections. The com-
bustion of SOM during the fire could be in part responsible for the de-
creased OC content observed at depth 1-5 cm. These results are in
agreement with those previously reported from fire-affected Mediterra-
nean soils (Almendros et al., 1988; De la Rosa et al., 2008). Two years
after the first sampling the TOC content decreased in the topmost soil
layer in B and UB soils. Nevertheless the values were similar in both
soils (Table 1).

This result points to the occurrence of enhanced erosive processes or
accelerated degradation of SOM, or in combination with a reduction in
the inputs from the standing vegetation (Santin et al., 2008). The in-
crease in the C content observed in deep layers in the UB and B soils
could be explained by vertical transport of finely divided charred SOM
from the topsoil. The N content increased slightly in the topsoil of B
site taken one month after the fire. Two years later, the soil affected
by the fire and the unburnt area had same N contents. Furthermore, in
two years the N content decreased in the topsoil of B site and increased
in the underlying layers. These changes in N concentration are closely
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Values of pH in H,0; electrical conductivity (EC), water holding capacity (WHC), elemental composition (Total Carbon, total Nitrogen and total organic Carbon) of the burnt and unburnt
soil 1 month and 25 months after fire.

Sample Physical & chemical properties Elemental composition
pH EC (uS cm™ ') WHC (%) TC% TN % TOC % TOC/TN
1 month after fire Unburnt Litter 473 £ 0.6 1.1+£0.1 473 427
0.5-1 cm 6.6 388 + 94 22547 2504+ 0.6 14402 234 17.2
1-5cm 74 161 4+ 24 9345 9.7 £0.2 0.8 £0.1 8.6 10.5
5-10 cm 7.5 127 £ 1 73+ 4 51+0.1 0.6 £ 0.1 49 9.2
10-15cm 7.7 68 +£7 74 +£3 47403 0.6 0.1 4.5 7.5
Burnt Litter 51.0 + 0.1 1.1+ 0.1 51.0 448
0.5-1 cm 7.2 218+ 6 392 + 8 440 4+ 04 20+02 40.2 20.1
1-5cm 71 156 + 4 68 +£3 64+ 0.2 0.7+ 0.1 53 8.1
5-10 cm 74 126 + 15 72+ 4 5.6+ 04 0.6 £ 0.1 5.0 83
10-15cm 7.7 95+ 6 65+3 52 +0.1 0.6 £ 0.1 4.8 8.0
25 months after fire Unburnt 0-1cm 7.6 192 + 37 78 £5 12.0+£ 0.2 1.3+0.1 10.1 7.8
1-5cm 7.7 133+£3 61 +3 8.8+ 04 1.1+£0.1 6.6 59
5-10 cm 7.8 1344+ 0 60 +3 89+ 0.1 1.1+ 0.1 6.4 59
10-15cm 7.7 103+ 7 61+4 84 +0.1 1.1+0.1 6.9 6.1
Burnt 0-1cm 7.6 202 + 14 69 +3 120+ 1.9 1.3+£0.1 9.0 7.1
1-5cm 7.5 132 + 11 62+3 7.7 +£0.2 1.1+ 0.1 6.6 6.2
5-10 cm 7.5 135+ 0 64+4 7.8 £0.1 1.1 +0.1 6.8 6.3
10-15cm 7.5 8443 69 +4 71+03 1.0+ 0.1 6.2 6.1
Ch 7.8 341+ 1 104 £5 238 £ 0.1 1.7 £ 0.1 21.1 12.6
Ch: charcoal; standard deviation (S.D) of pH analysis was <0.05; (n = 3).
Al
A4 A7
c12
a3 2
A2 cs C7 Ag 11
all 112 3 A8, L2 FA3
14403 \aa1g NS V6 B FAL PR 12
' 4 ‘J| | N " 41| 4 d,, 14 (12146 10 Al4 Al
"ll -"'T . N7I R A3 7 | |8 9 1 13[4 45 16
A15| | N9 19 T _
17 18 20 5 UB0.5-1cm
2 23 T2
2.00 4.00 6.00 8.00 10.00 12,00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 '
B0.5-1
L8 A19 em
AL7
1 month after fire 25 months after fire
0.5-1cm 0-1cm
Unburnt Unburnt
- W Burnt
1-5cm 1-5cm Unburnt
Unburnt
J\.AL | .
Burnt W"”M’Xﬁ

Fig. 2. Pyro-chromatograms of the samples taken 1 month after the fire at 0.5-1 and 1-5 cm depths and of the samples taken 25 months after the fire at depths 0-1 and 1-5 c¢m for the
burnt (B) and unburnt (UB) sites.
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associated with the observed SOM variations. After the fire, the re-
establishment of the plant-soil trophic system promoted the in-
crease of N. Two years later these N is transported to deeper layers
and the N content increased with depth. The ratio TOC/N did not
show noticeable changes between both soils after the fire. The TOC/
N ratios of recently burned soils are usually lower than those of the
original soils (Almendros et al., 1984; Gonzalez-Pérez et al., 2008).
At our site, this effect can be seen in samples taken one month after
the fire for depths 1-5 cm and 5-10 cm. Two years later, the ratios
TOC/N were similar in B and UB and lower in comparison with the
samples taken 1 month after the fire. Different authors reported sim-
ilar trends for burnt soils under pine forest (De la Rosa et al., 2008;
Francioso et al., 2011; Mastrolonardo et al., 2015), which was related
with the specific preservation of N-aromatic structures (called black
nitrogen) produced by thermal alteration of SOM during the fire
(De la Rosa et al., 2008).

3.2. Analytical pyrolysis (Py-GC/MS)

Fig. 2 depicts the chromatograms of compounds released by direct
pyrolysis from the UB and B soils. The major compounds identified are
listed in Table 2. In general, the compounds present in both soils were
similar. However, a higher abundance of aromatic compounds (mainly
polycyclic aromatic compounds-PAHs) was identified in the B samples.

Specifically, these consisted of naphthalene, 2-methyl (A17), anthra-
cene (A18) and phenanthrene, 1,7-dimethyl- (A18). Fig. 3 shows the
relative abundances of the different component classes, which was cal-
culated by adding the peak area of the compounds forming each series.
The relative amounts of carbohydrate and lignin-derived compounds
decreased in the B soil in comparison with UB. In contrast, the relative
amounts of nitrogen-containing and aromatic compounds increased.
These differences are evident at the topsoil (depths 0.5-1 ¢cm and
1-5 cm) and are still present 25 months after the fire. The increase in
the relative abundance of aromatic compounds after the fire is mainly
due to cyclization reactions during the combustion of the SOM and the
incorporation of charred SOM (Gonzalez-Pérez et al., 2008). Carbo-
hydrates are thermo-labile compounds, thus its depletion in B sites
was expected. The relative abundance of lignin-derived compounds
and fatty acids in the topsoil of UB site decreased substantially two
years later. This result, combined with the changes observed in the
elemental composition (TOC and TN), points to decreased inputs of
biomass. Aromatic compounds including polycyclic aromatic hydro-
carbons (PAHSs) increased their relative abundance in B samples as
regards UB site. Furthermore, several PAHs occurred exclusively in
the chromatogram of B samples. The accumulation of PAHs is
frequently observed in burnt SOM, as correspond to its origin as
pyrogenic compounds from condensation/aromatization reactions
(De la Rosa et al., 2008).

Table 2

Peak identification of pyrolysis gas chromatography-mass spectrometry by component classes.
Alkanes and alkenes Peak label Fatty acids compound Peak label
Nonane/ene pair 1 Dodecanoic acid FA1
Dodecane/ene pair 2 Tetradecanoic acid FA2
Tridecane/ene pair 3 Hexadecanoic acid FA3
Tetradecane/ene pair 4 Lignin derived structures
Pentadecane/ene pair 5 Phenol, 2-methoxy- L1
Hexadecane/ene pair 6 2-Methoxy-4-vinylphenol L2
Heptadecane/ene pair 7 Vanillin L3
Pristane Pr Phenol, 2-methoxy-4-(1-propenyl)- L4
Octadecane/ene pair 8 Nitrogen compounds
Nonadecane/ene pair 9 Pyridine N1
Eicosane/ene pair 10 Indene N2
Heneicosane/ene pair 11 Benzyl nitrile N3
Docosane/ene pair 12 2-Methylindene N4
Tricosane/ene pair 13 1H-Inden-1-one, 2,3-dihydro- N5
Tetracosane/ene pair 14 Indole N6
Pentacosane/ene pair 15 1H-Indeno N7
Hexacosane/ene pair 16 1H-Indole, 7-methyl N8
Heptacosane/ene pair 17 3,4-Dihydro-3-methyl-1-phenylquinolin-2(1H)-one N9
Octacosane/ene pair 18 Polysaccharides (carbohydrates)
Nonacosane/ene pair 19 Cyclopentanone 2-(1-methylpropyl) C1
Triacontane/ene pair 20 Furfural 2
Henetriacontane/ene pair 21 Furan, 2,5-dimethyl c3
Dotriacontane/ene pair 22 2-Cyclopenten-1-one, 2-methyl C4
Tritriacontane/ene pair 23 Methy! furfural 5
Aromatic compounds (including PAHs) 2-Cyclopenten-1-one, 3-methyl C6
Toluene Al 2-Cyclopenten-1-one,2-hydroxy-3-methyl- Cc7
Xyleno A2 2-Cyclopenten-1-one,2,3-dimethyl- Cc8
Styrene A3 Acetophenone c9
Phenol A4 Benzofuran, 2-methyl- Cc10
Benzene, 1,2,4-trimethyl A5 Maltol C11
Phenol, 2-methyl- A6 Benzofuran 2,3-dihydro- C12
Phenol, 4-methyl- A7 Ethanone, 1-(3-hydroxy-4-methoxyphenyl)- C13
Phenol, 2,4-dimethyl- A8 d-Allose C14
Phenol, 3-ethyl- A9 Others structures (steroids)
Naphthalene A10 Stigmastan-3,5-diene T1
Phenol, 3,4-dimethyl- All Stigmast-4-en-3-one T2
Naphthalene, 2,6-dimethyl- A12
Naphthalene,1,4,5-trimethyl- A13
Phenanthrene, 1-methyl-7-(1-methylethyl)- Al4
1-Methyl-4-p-tolylnaphthalene A15
1-Phenanthrenecarboxylic acid Al16
Naphthalene, 2-methyl A17
Anthracene A18
Phenanthrene, 1,7-dimethyl- A19

PAHs: polycyclic aromatic hydrocarbons.
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Fig. 3. Relative abundance of the different component classes obtained by the integration of the peaks area from the pyro-chromatograms.

Table 3 shows the values of average chain length (ACL) in n-alkanes
and n-alkenes and the ratio short/long-chains. The fire induced a de-
crease in the ACL of n-alkanes and n-alkenes, and this difference
remained in SOM two years after the fire. The ACL decrease is accompa-
nied by an increase in the ratio of short-to-long n-alkanes after the fire.
The n-alkenes presented similar changes after the fire. This is a well-
known effect; fire systematically causes an increase of low molecular
weight alkyl compounds from thermal cracking of plant waxes and
other biopolymers (Almendros et al., 1988; De la Rosa et al., 2012).
For this reason, the alkyl homologues could be suitable surrogates for
the impact of wildfires in the SOM and its further evolution with the
time after fire.

As regards post-fire recovery, conspicuous differences between the
pyro-chromatograms of B and UB suggest that the topsoil composition
at a molecular level was not completely restored after more than two
years (25 months) from the passage of fire.

3.3. 13C solid state nuclear magnetic resonance spectroscopy

With the exception of the topsoil from the B site, the >C NMR spec-
tra of HF-treated soils are dominated by the signal assigned to carbohy-
drates in the O-alkyl C region (60-110 ppm) (Fig. 4). The alkyl/O-alkyl C
ratio has been proposed as an index of SOM decomposition in forest
soils (Baldock and Preston, 1995) and this increased in the UB soils
from the humus soil layer (0.5-1 cm) to the mineral horizons. Within
the mineral horizon no major alteration is observed. The signal intensity
in the O-alkyl C region (60-110 ppm) decreased in the topsoil due to
fire, from 40.7 to 26.7% for UB and B samples respectively. This result
may be explained in terms of the loss of vegetation during the fire,
and the destruction of thermolabile carbohydrate-derived structures
(Gonzalez-Pérez et al., 2004). The topsoil of B, sampled one month
after the fire, showed clear evidence for the accumulation of charcoal in-
dicated by the high content of aromatic C (32.5%; Table 4). However, no

Table 3
Comparison of parameters calculated from n-alkanes and n-alkenes released by analytical pyrolysis at 600 °C.
Sample Depth n-Alkanes n-Alkenes
ACL TCo—C23/2C24-Cs3 ACL TCo—Ca3/2C24—Cs3
Short/long Short/long
1 month after fire Unburnt 0.5-1cm 19.1 2.5 16.4 3.1
1-5cm 17.8 29 15.5 44
Burnt 0.5-1 cm 17.0 49 15.1 5.1
1-5cm 15.5 3.7 14.0 4.0
25 months after fire Unburnt 0-1cm 16.6 3.1 153 3.8
1-5cm 15.6 5.5 135 34
Burnt 0-1cm 16.1 5.7 141 4.0
1-5cm 14.7 34 11.9 42

Average chain length (ACL): (3Z, x n: 3Z,), with Z, as relative amount of n-alkanes with n carbons.
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Fig. 4. Solid-state '3C NMR spectra of HF-treated soil samples from the different depths of the burnt (B) and unburnt (UB) sites taken one month and 25 months after fire, respectively.

major difference is observed with respect to the SOM, even for samples
taken 25 months after the fire event, whereas the carbohydrate content
of the topsoil of UB was slightly lower in 2014 than in 2012. Note thatin
the topsoil of B site, the relative contribution of aromatic C decreased
from 32.5 to 24.3% of the TOC after 25 months from the fire, which is
consistent with a decrease of the proportion of charred residues. Be-
cause of the low slope of the chosen sites it seems unlikely that this
loss was mainly induced by erosion of the topsoil. In addition to wind
transport, the partially degraded pyrogenic SOM may have leached
into the subsoils as it had been previously observed in umbric Ferralsols
(Velasco-Molina et al., 2016). In the soils studied, 25 months after the
fire, a slight increase of the aromaticity of the B subsoil sections 1-
5 cm and 5-10 cm was observed. In contrast to the expected long
term occurrence of charcoal (Egli et al., 2012), the observed loss of char-
coal may indicate, in addition to leaching/migration of pyrogenic con-
densed materials, the occurrence of biochemical degradation during
the more than 2 years of recovery time.

Table 4
Assessment (%) of the different C types as seen by 'C NMR integration regions.

4. Conclusions

In general differences between the SOM characteristics of the fire-
affected and unburnt soils were essentially found in topsoil samples
and tended to disappear with time. In particular the aromatic-rich
SOM structures produced during a vegetation fire in the Mediterranean
areas may not accumulate systematically in the course of time. The low
stability of charred residues may explain why, in spite of the high fire
frequency, the pattern of burnt residues is rarely seen in SOM of forest
soils in this region. Nevertheless, molecular-level analyses based on py-
rolysis data showed clear alterations that were not recovered during the
two years comprised in this study. The comparison of the pyrograms
shows a fire-induced increase in aromatic compounds and a concomi-
tant decrease in other constituents, such as carbohydrates, fatty acids,
lignin-derived compounds or alkyl products. Two years after the wild-
fire, part of the changes exerted by fire in the molecular composition
and properties of the burnt soil were still present. Anyway, the

Sample Depth (cm) 245-160 160-110 110-60 60-45 45-0 Alkyl C/0-alkyl C
1 month after fire Unburnt 0.5-1 cm 9.6 16.7 40.7 9.4 23.6 0.6
1-5cm 11.0 22.2 31.0 9.3 26.5 0.8
5-10 cm 10.9 17.7 32.0 10.8 28.6 0.9
10-15cm 115 16.3 313 11.0 299 1.0
Burnt 0.5-1cm 8.9 325 26.7 7.6 243 0.9
1-5cm 9.2 18.5 35.1 10.1 271 0.8
5-10 cm 9.1 20.2 335 10.0 27.2 0.8
10-15cm 11.0 18.5 37.2 9.4 239 0.6
25 months after fire Unburnt 0-1cm 9.2 17.7 35.9 10.6 26.6 0.7
1-5cm 10.0 175 32.0 109 29.6 0.9
5-10 cm 10.6 185 31.6 10.6 28.7 0.9
10-15cm 111 184 31.0 111 284 0.9
Burnt 0-1cm 9.6 243 31.6 9.3 252 0.8
1-5cm 10.1 215 303 9.8 283 0.9
5-10 cm 10.6 19.7 325 10.0 27.2 0.8
10-15cm 124 16.7 354 103 25.2 0.7

C region values are given in ppm.
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alteration in the SOM quality of samples taken in 2014 is notable in both
B and UB sites, thus in addition to post fire management activities,
climatic conditions probably also played a significant role.

Acknowledgements

MA Jiménez-Gonzalez and NT Jiménez-Morillo thank the Spanish
Ministry of Economy and Competitiveness (MINECO) for funding
their pre-doctoral FPI fellowships (BES-2014-069238 and BES-2013-
062573). The Marie Sktodowska-Curie actions (REA grant agreement
No. PCIG12-GA-2012-333784-Biocharisma project), MINECO and the
European Development Fund (Projects PCGL2012-37041, CGL2013-
43845-P and CGL2012-38655-C04-01) are thanked for the financial
support. Marina Paneque Carmona and Marta Velasco Molina are
acknowledged for providing technical help during sampling.

Appendix A. Supplementary data

Supplementary data associated with this article can be found in the
online version, at doi:http://dx.doi.org/10.1016/j.scitotenv.2016.02.
134. These data include the Google map of the most important areas de-
scribed in this article.

References

Almendros, G., Gonzalez-Vila, F.J,, 2012. Wildfires, soil carbon balance and resilient organ-
ic matter in Mediterranean ecosystems. A review. Spanish J. Soil Sci. 2, 8-33. http://
dx.doi.org/10.3232/5]JSS.2012.V2.N2.01.

Almendros, G., Polo, A., Lobo, M.C.,, Ibdiiez, ].J., 1984. Contribuci6n al estudio de la
influencia de los incendios forestales en las caracteristicas de la materia organica
del suelo: II. Transformaciones del humus por ignicién en condiciones controladas
de laboratorio. Rev. Ecol. Biol. Sol 21, 154-160.

Almendros, G., Martin, F., Gonzalez-Vila, F.J., 1988. Effects of fire on humic and lipid frac-
tions in a Dystric Xerochrept in Spain. Geoderma 42, 115-127. http://dx.doi.org/10.
1016/0016-7061(88)90028-6.

Arcenegui, V., Mataix-Solera, J., Guerrero, C., Zornoza, R., Mayoral, A.M., Morales, ., 2007.
Factors controlling the water repellency induced by fire in calcareous Mediterranean
forest soils. Eur. J. Soil Sci. 58, 1254-1259. http://dx.doi.org/10.1111/j.1365-2389.
2007.00917.x.

Badia-Villas, D., Gonzalez-Pérez, ].A., Aznar, ].M., Arjona-Gracia, B., Marti-Dalmau, C., 2014.
Changes in water repellency, aggregation and organic matter of a mollic
horizon burned in laboratory: soil depth affected by fire. Geoderma 213, 400-407.
http://dx.doi.org/10.1016/].GEODERMA.2013.08.038.

Baldock, J.A., Preston, C.M., 1995. Chemistry of carbon decomposition processes in forests
as revealed by solid-state carbon-13 nuclear magnetic resonance. In: Kelly, .M.,
McFee, W.W. (Eds.), Carbon Forms and Functions in Forest Soils. Soil Sci Soc Am J,
pp. 89-117 (Madison, WI).

Certini, G., 2005. Effects of fire on properties of forest soils: a review. Oecologia 143, 1-10.
http://dx.doi.org/10.1007/s00442-004-1788-8.

Certini, G., Nocentini, C., Knicker, H., Arfaioli, P., Rumpel, C,, 2011. Wildfire effects on soil
organic matter quantity and quality in two fire-prone Mediterranean pine forests.
Geoderma 167-168, 148-155. http://dx.doi.org/10.1016/j.geoderma.2011.09.005.

De la Rosa, .M., Gonzalez-Pérez, ].A., Gonzdlez-Vazquez, R., Knicker, H., Lépez-Capel, E.,
Manning, D.A.C., Gonzalez-Vila, FJ., 2008. Use of pyrolysis/GC-MS combined with
thermal analysis to monitor C and N changes in soil organic matter from a Mediter-
ranean fire affected forest. Catena 74, 296-303. http://dx.doi.org/10.1016/j.catena.
2008.03.004.

De la Rosa, ].M,, Faria, S.R,, Varela, M.E,, Knicker, H., Gonzdlez-Vila, F.J., Gonzalez-Pérez, | .A.,
Keizer, ]J., 2012. Characterization of wildfire effects on soil organic matter using an-
alytical pyrolysis. Geoderma 191, 24-30. http://dx.doi.org/10.1016/j.geoderma.
2012.01.032.

Egli, M., Mastrolonardo, G., Seiler, R., Raimondi, S., Favilli, F.,, Crimi, V., Krebs, R., Cherubini,
P., Certini, G., 2012. Charcoal and stable soil organic matter as indicators of fire

frequency, climate and past vegetation in volcanic soils of Mt. Etna, Sicily. Catena
88, 14-26. http://dx.doi.org/10.1016/j.catena.2011.08.006.

Faria, S.R,, De la Rosa, J.M., Knicker, H., Gonzdlez-Pérez, J.A., Keizer, J.J., 2015. Molecular
characterization of wildfire impacts on organic matter in eroded sediments and top-
soil in Mediterranean eucalypt stands. Catena 135, 29-37. http://dx.doi.org/10.1016/
j.catena.2015.07.007.

Forte, C., Piazzi, A., Pizzanelli, S., Certini, G., 2006. CP MAS '3C spectral editing and relative
quantitation of a soil sample. Solid State Nucl. Magn. Reson. 30, 81-88. http://dx.doi.
org/10.1016/j.ssnmr.2006.03.001.

Francioso, O., Sanchez-Cortés, S., Bonora, S., Roldan, M.L., Certini, G., 2011. Structural char-
acterization of charcoal size-fractions from a burnt Pinus pinea forest by FT-IR, Raman
and surface-enhanced Raman spectroscopies. J. Mol. Struct. 994, 155-162. http://dx.
doi.org/10.1016/j.molstruc.2011.03.011.

Gongalves, C.N., Dalmolin, R.S.D., Dick, D.P., Knicker, H., Klamt, E., Kégel-Knabner, 1., 2003.
The effect of 10% HF treatment on the resolution of CPMAS '>C NMR spectra and on
the quality of organic matter in Ferralsols. Geoderma 116, 373-392. http://dx.doi.org/
10.1016/50016-7061(03)00119-8.

Gonzilez-Pérez, ].A., Gonzalez-Vila, F.J., Almendros, G., Knicker, H., 2004. The effect of fire
on soil organic matter — a review. Environ. Int. 30, 855-870. http://dx.doi.org/10.
1016/j.envint.2004.02.003.

Gonzélez-Pérez, J.A., Gonzalez-Vila, FJ., Gonzalez-Vazquez, R., Arias, M.E., Rodriguez, J.,
Knicker, H., 2008. Use of multiple biogeochemical parameters to monitor the recov-
ery of soil after forest fires. Org. Geochem. 39, 940-944. http://dx.doi.org/10.1016/].
orggeochem.2008.03.014.

Guitidn, F., Carballas, T., 1976. Técnicas de Analisis de suelos. second ed. Pico Sacro,
Santiago de Compostela.

Jordan, A, Gordillo-Rivero, AJ., Garcia-Moreno, ]., Zavala, LM., Granged, AJ.P., Gil, ], Neto-
Paixdo, H.M., 2014. Post-fire evolution of water repellency and aggregate stability in
Mediterranean calcareous soils: a 6-year study. Catena 118, 115-123. http://dx.doi.
org/10.1016/j.catena.2014.02.001.

Knicker, H., 2007. How does fire affect the nature and stability of soil organic nitrogen and
carbon? A review. Biogeochemistry 85, 91-118.

Knicker, H., 2011. Solid state CPMAS >C and >N NMR spectroscopy in organic geochem-
istry and how spin dynamics can either aggravate or improve spectra interpretation.
Org. Geochem. 42, 867-890. http://dx.doi.org/10.1016/j.orggeochem.2011.06.019.

Knicker, H., Almendros, G., Gonzalez-Vila, FJ., Gonzalez-Pérez, ].A., Polvillo, O., 2006. Char-
acteristic alterations of quantity and quality of soil organic matter caused by forest
fires in continental Mediterranean ecosystems: a solid-state >C NMR study. Eur.
J. Soil Sci. 57, 558-569. http://dx.doi.org/10.1111/j.1365-2389.2006.008 14.x.

Mastrolonardo, G., Francioso, O., Di Foggia, M., Bonora, S., Forte, C., Certini, G., 2015. Soil
pyrogenic organic matter characterisation by spectroscopic analysis: a study on com-
bustion and pyrolysis residues. ]. Soils Sediments 15, 769-780. http://dx.doi.org/10.
1007/s11368-014-1034-x.

Preston, C.M., 1996. Application of NMR to soil organic matter analysis: history and pros-
pects. Soil Sci. 161, 144-166.

Rasilla, D.F., Garcia-Codron, ].C., Carracedo, V., Diego, C., 2010. Circulation patterns, wild-
fire risk and wildfire occurrence at continental Spain. Phys. Chem. Earth 35,
553-560. http://dx.doi.org/10.1016/j.pce.2009.09.003.

Santin, C,, Knicker, H., Fernandez, S., Menéndez-Duarte, R., Alvarez, M.A., 2008. Wildfires
influence on soil organic matter in an Atlantic mountainous region (NW of Spain).
Catena 74, 286-295. http://dx.doi.org/10.1016/j.catena.2008.01.001.

Shakesby, R.A., 2011. Post-wildfire soil erosion in the Mediterranean: review and future
research directions. Earth-Sci. Rev. 105, 71-100. http://dx.doi.org/10.1016/j.
earscirev.2011.01.001.

Velasco-Molina, M., Berns, A.E., Macias, F., Knicker, H., 2016. Biochemically altered char-
coal residues as an important source of soil organic matter in subsoils of fire-
affected subtropical regions. Geoderma 262, 62-70. http://dx.doi.org/10.1016/j.
geoderma.2015.08.016.

Wiesenberg, G.LB., Lehndorff, E., Schwark, L., 2009. Thermal degradation of rye and maize
straw: lipid pattern changes as a function of temperature. Org. Geochem. 40,
167-174. http://dx.doi.org/10.1016/j.orggeochem.2008.11.004.

Wilson, M.A,, Vassallo, A.M., Collin, PJ., Rottendorf, H., 1984. High-resolution carbon-13
nuclear magnetic resonance spectrometry and relaxation behavior of organic solids
from fossil fuels. Anal. Chem. 56, 433-436. http://dx.doi.org/10.1021/ac00267a031.

World Reference Base for Soil Resources (WRB), 2015. International soil classification sys-
tem for naming soils and creating legends for soil maps. World Soil Resources Re-
ports. FAO Publications 106, Rome.

Please cite this article as: Jiménez-Gonzalez, M.A,, et al., Post-fire recovery of soil organic matter in a Cambisol from typical Mediterranean forest
in Southwestern Spain, Sci Total Environ (2016), http://dx.doi.org/10.1016/j.scitotenv.2016.02.134



http://dx.doi.org/10.1016/j.scitotenv.2016.02.134
http://dx.doi.org/10.1016/j.scitotenv.2016.02.134
http://dx.doi.org/10.3232/SJSS.2012.V2.N2.01
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0010
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0010
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0010
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0010
http://dx.doi.org/10.1016/0016-7061(88)90028-6
http://dx.doi.org/10.1016/0016-7061(88)90028-6
http://dx.doi.org/10.1111/j.1365-2389.2007.00917.x
http://dx.doi.org/10.1111/j.1365-2389.2007.00917.x
http://dx.doi.org/10.1016/J.GEODERMA.2013.08.038
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0030
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0030
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0030
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0030
http://dx.doi.org/10.1007/s00442-004-1788-8
http://dx.doi.org/10.1016/j.geoderma.2011.09.005
http://dx.doi.org/10.1016/j.catena.2008.03.004
http://dx.doi.org/10.1016/j.catena.2008.03.004
http://dx.doi.org/10.1016/j.geoderma.2012.01.032
http://dx.doi.org/10.1016/j.geoderma.2012.01.032
http://dx.doi.org/10.1016/j.catena.2011.08.006
http://dx.doi.org/10.1016/j.catena.2015.07.007
http://dx.doi.org/10.1016/j.catena.2015.07.007
http://dx.doi.org/10.1016/j.ssnmr.2006.03.001
http://dx.doi.org/10.1016/j.molstruc.2011.03.011
http://dx.doi.org/10.1016/S0016-7061(03)00119-8
http://dx.doi.org/10.1016/j.envint.2004.02.003
http://dx.doi.org/10.1016/j.envint.2004.02.003
http://dx.doi.org/10.1016/j.orggeochem.2008.03.014
http://dx.doi.org/10.1016/j.orggeochem.2008.03.014
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0090
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0090
http://dx.doi.org/10.1016/j.catena.2014.02.001
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0100
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0100
http://dx.doi.org/10.1016/j.orggeochem.2011.06.019
http://dx.doi.org/10.1111/j.1365-2389.2006.00814.x
http://dx.doi.org/10.1007/s11368-014-1034-x
http://dx.doi.org/10.1007/s11368-014-1034-x
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0120
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0120
http://dx.doi.org/10.1016/j.pce.2009.09.003
http://dx.doi.org/10.1016/j.catena.2008.01.001
http://dx.doi.org/10.1016/j.earscirev.2011.01.001
http://dx.doi.org/10.1016/j.earscirev.2011.01.001
http://dx.doi.org/10.1016/j.geoderma.2015.08.016
http://dx.doi.org/10.1016/j.geoderma.2015.08.016
http://dx.doi.org/10.1016/j.orggeochem.2008.11.004
http://dx.doi.org/10.1021/ac00267a031
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0155
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0155
http://refhub.elsevier.com/S0048-9697(16)30345-X/rf0155
http://dx.doi.org/10.1016/j.scitotenv.2016.02.134

	Post-�fire recovery of soil organic matter in a Cambisol from typical Mediterranean forest in Southwestern Spain
	1. Introduction
	2. Material and methods
	2.1. Study area and sampling
	2.2. Physical and chemical properties of soil
	2.3. Analytical pyrolysis (Py-GC/MS)
	2.4. Solid state 13C nuclear magnetic resonance spectroscopy (CPMAS 13C NMR)

	3. Results and discussion
	3.1. Soil physical, chemical properties and elemental (C, N) composition
	3.2. Analytical pyrolysis (Py-GC/MS)
	3.3. 13C solid state nuclear magnetic resonance spectroscopy

	4. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


