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Abstract 
Mulching has amply proven its effectiveness to mitigate post-fire soil erosion but its impacts on soil 

organic matter (SOM) quality and quantity continue poorly studied. The present study addressed this 

knowledge gap for a eucalypt plantation in central Portugal that had been burnt and, immediately 

after the wildfire, mulched with 13.6 Mg ha−1 of eucalypt logging residues some five years before. 

This was done by performing a range of analytical techniques (elemental and isotope analyses, 

analytical pyrolysis and 13C NMR spectroscopy) not only on the bulk soil samples but also on their 

humic acids (HAs) and free organic matter (FOM) fractions. While mulching reduced soil and SOM 

losses with 91 and 93%, respectively, it also improved SOM quality of the topsoil, in particular in 

terms of HAs and FOM. At 0–4 cm depth, both HAs and FOM contents were roughly twice as high 

in the mulched plots as in the control plots. The effects of mulching on the molecular composition of 

HAs and FOM fractions, however, varied markedly. Analytical pyrolysis (Py-GC/MS) revealed that 

mulching had led to a noticeable accumulation of labile, aliphatic SOM constituents such as 

carbohydrate-derived and alkyl compounds (fatty acids and n-alkanes) but that it hardly affected the 

composition of HAs. Even so, solid-state 13C NMR spectroscopy showed that mulching had resulted 

in a relative increase in aryl C in the FOM fraction, suggesting an enhanced preservation of the 

pyrogenic OM. Overall, the combined use of a range of analytical techniques allowed to conclude 

that, five years after their application, the forest logging residues had led to a greater preservation of 

the fire-derived pyrogenic OM (mainly aromatic compounds) in the topsoil as well as to higher 

contents of SOM's most labile molecular constituents (mainly carbohydrates and n-alkyl 

compounds). The former reflected the reduced erosion rates, while the latter was probably due to a 

combination of reduced erosion rates with the additional input of fresh organic matter. 
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1 Introduction 

During the last decades, wildfires have become a major environmental disturbance in 

Mediterranean countries (De la Rosa et al., 2012) and have caused increasing concerns about the 

resilience of many ecosystems worldwide (Belcher, 2013; Scott et al., 2014). Important effects of 

wildfires typically include the loss of vegetation and litter cover and changes in topsoil properties 

such as the quantity and quality of the soil organic matter (SOM) (Almendros and González-Vila, 

2012; Certini et al., 2011; De la Rosa et al., 2012; González-Pérez et al., 2004). These direct wildfire 

impacts are often followed by strong to extreme responses in runoff and erosion (Shakesby and 

Doerr, 2006; Robichaud et al., 2013; Fernández and Vega, 2014). 

Arguably, mulching—i.e. the deposition of a layer of organic material covering the soil 

surface—has become the most widely accepted measure to effectively reduce post-fire soil erosion 

(Bautista et al., 1996; Prosdocimi et al., 2016; Robichaud et al., 2013). Mulching not only protects 

the soil from direct raindrop impact but also reduces overland flow and its capacity to detach and 

transport sediments. The application of mulch to the soil surface has long been identified as a soil 

conservation practice, especially in agricultural soils (Uson and Cook, 1993). Mulching with organic 

plant residues has been found to improve the physical structure of cultivated soils, mainly due to an 

increase in soil porosity, available water content, soil aggregation, and a decrease in bulk density 

(Mulumba and Lal, 2008; Wright and Hons, 2005). Positive effects of mulching on cultivated soils 

also included increases in SOM content, water retention capacity and aggregate stability (Duiker and 

Lal, 1999; Jordán et al., 2010). Mulching has also proved to be beneficial in mine restoration, not 

only for restoring soils but also for reducing water losses (Navarro-Pedreño et al., 2017). In 

contrast, Ouédraogo et al. (2007) observed a sharp decrease in soil organic carbon (SOC) content 

following mulching with maize straw under semi-arid conditions, which the authors attributed to 

microbial priming. 

Possible side-effects of post-fire mulching, however, have been studied less frequently, 

with mulching impacts on fauna (Puga et al., 2017) having received clearly less attention than their 

impacts on post-fire vegetation recovery (e,g, Fernández and Vega, 2014; Keizer et al., 2018; Kruse 

et al., 2004). Also the effects of mulching on SOM quantity and quality are poorly studied for burnt 

soils, even if it is widely recognized that the applied mulch may represent an important input of OM, 

(partly) compensating the direct losses by combustion. This research gap is perhaps even more 

surprising as fire-induced SOM changes are among the principal detrimental impacts of wildfires on 

soils (Faria et al., 2015a,b; Jiménez-Morillo et al., 2016; Knicker et al., 2006), especially since SOM 

is the most functional fraction of many soils and, hence, a widely used indicator of soil health and 

quality (Arias et al., 2005). 

The main changes in SOM composition resulting from wildfires are losses of the most 

labile SOM pools (microbial C and carbohydrate C functional groups) and of alkyl compounds, and 

relative gains in aromatic compounds (pyrogenic carbon) (De la Rosa et al., 2013; Knicker et al., 

2008). Assessing such changes in SOM composition, whether by wildfires or post-fire land 

management practices such as mulching, continues to be an important challenge. This is in part due 

to the complexity of SOM, being composed of a heterogeneous mixture of products that result from 

microbial as well as physical-chemical transformations of organic materials from varied origins 

(vegetal, microbial, animal). Mulching implies adding to the soil surface a range of different types of 

OM, varying from labile organic compounds that are readily transformed to humic substances that 

are comparatively recalcitrant. Accumulation of such humified SOM could indicate a new 

equilibrium in SOM status (Grinhut et al., 2007; von Lützow et al., 2006). The effectiveness of 

mulching to reduce post-fire runoff and soil erosion has been assessed by various field trials. 

Examples of such trials in Europe are Bautista et al. (1996), Badía and Martí (2000), Fernández and 

Vega (2014) and Prats et al. (2012). Most of these trials revealed mulching to be highly effective. 

It is now increasingly recognized that, besides the quantity of SOC, its quality is a key 

indicator of soil health and functioning. A widely established approach to characterize SOM quality 

is through its different organic fractions (Derenne and Quenea, 2015). 

In the present study, SOM quality is characterized through two fractions, that of the humic 

acids (HAs) and that of the free organic matter (FOM). The HAs and FOM fractions are both major 
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SOM components and, as such, potentially suitable indicators of the impacts of mulching. The HAs 

fraction is furthermore a major constituent of total SOC and nitrogen contents. 

By definition, HAs are extracted from soil using a strong alkaline solution (e.g., NaOH), 

being insoluble at low pH values. HAs are a complex and heterogeneous group of macromolecular 

substances of varying complexity and of a recalcitrant nature. HAs are produced by humification 

processes, i.e. a variety of biochemical and chemical reactions that occur during the decay and 

transformation of plant and microbial remains (Almendros et al., 1992). Important components in the 

humification processes include plant lignin and its transformation products as well as 

polysaccharides, melanins, cutins, proteins, lipids, nucleic acids and fine char particles (IHSS, 2017). 

In the case of burnt soils, carbonaceous pyrogenic materials such as charcoal, charred residues and 

black carbon-like materials have been suggested as possible sources of soil humus (Almendros et al., 

1990, 1992; Kumada, 1983; Efremova and Efremov, 2006). These pyrogenic organic compounds are 

possibly preserved by post-fire mulching, adding to soil carbon storage (Singh et al., 2014). 

The FOM fraction mainly consists of fresh organic material and, in particular, 

undecomposed vegetal residues (Gregorich et al., 1996; Kavdir et al., 2005; Six et al., 1997). It 

corresponds to a labile fraction of the SOM that is easily mineralisable, and plays a role in aggregate 

stability. 

A detailed characterization of SOM quality typically requires a systematic and 

comprehensive approach, due to the wide variety of OM compounds that tend to exist in soils. 

Changes or differences in SOM quality due to natural disturbances and land management have been 

successfully identified at the molecular level, using both destructive and non-destructive techniques 

such as analytical pyrolysis (Py–GC/MS) and solid state 13C nuclear magnetic resonance (13C NMR). 

Py-GC/MS is a chromatographic technique that is based on thermal degradation of organic 

materials at elevated temperatures in the absence of oxygen (De la Rosa et al., 2008). It provides 

very useful information on the structural and chemical characteristics of organic materials, including 

those containing complex macromolecular compounds. Py-GC/MS has been used successfully for 

characterizing bulk soil as well as different SOM fractions (Quénéa et al., 2005). Solid-state 13C 

NMR spectroscopy is a non-invasive tool for the characterization of solid soil samples or fractions 

thereof (Knicker et al., 2005, 2006). It has proved useful for the detection of changes in soil 

composition. 

Py-GC/MS and 13C NMR spectroscopy are now widely regarded as complementary 

techniques that together provide reliable information on the structure and composition of SOM. This 

complementarity is well-illustrated by several studies that were particularly successful in 

characterizing SOM quality in fire-affected soils (Almendros and González-Vila, 2012; Almendros 

et al., 2018; De la Rosa et al., 2008, 2012; 2013; Faria et al., 2015b; González-Pérez et al., 

2008; Knicker et al., 2005, 2006; Piedra Buena et al., 2010). In these studies, the results of both 

techniques agreed in that intense wildfires cause thermal cracking of long-chain alkyl homologues 

and an increase in the relative abundance of aromatic compounds at the expense of polysaccharides 

and lignin-derived compounds. Nevertheless, the results of both techniques are also known to show 

discrepancies. Py-GC/MS gives accurate information on molecular composition but this information 

is qualitative rather than quantitative, at least under standard conditions. Namely, both the amount of 

material that is released as volatile products, and the amount that remains as non-degraded residue 

(not pyrolyzed) are not detected by Py-GC/MS. In contrast, 13C NMR spectroscopy provides reliable 

information on the quantities of the different types of C-containing compounds (aromatic, aliphatic, 

etc.) but tends to underestimate certain compounds. The latter include highly condensed aromatic 

compounds, which constitute an important fraction of large in fire-affected soils. 13C NMR 

spectroscopy can further be constrained in case there is overlap between the spectral signals of 

chemically different compounds. This is, for example, the case for proteins, with carboxyl, methoxyl 

and alkyl groups giving rise to partially overlapping chemical shifts. 

This study aimed to assess the mid-term impacts of mulching on the SOM composition of 

burnt forest soil, some five years after the wildfire as well as after the mulch application. Given the 

expected complexity of these impacts, an innovative approach was applied that combined not only 

analytical pyrolysis and solid state 13C NMR spectroscopy but also light stable isotopes and 

elemental analyses. To the best of our knowledge, the present study is the first attempt to combine 

these techniques to identify alterations in SOM quality and, in particular, in the HAs and FOM 
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fractions. The first specific objective was to assess the differences in SOM composition at the 

molecular level between forest soil that was and was not mulched (mulched vs. control) immediately 

after a wildfire that took place five years before the sampling. The others were ii) to analyze the 

associated differences in different SOM pools, in particular amounts and composition of HAs and 

FOM pools, and (iii) selected key soil physical and chemical properties. 

2 Material and methods 

2.1 Study site and soil sample collection 

The study site was located near the Ermida hamlet in the Sever do Vouga municipality, 

north-central Portugal (40°45′05″ N, 80°21′18″ W). The site was affected by a wildfire that occurred 

on 26–28 July 2010 and consumed a total of some 295 ha (Fig. 1). This steep (25°) but short (40 m) 

slope had originally been selected for a field experiment to test the effectiveness of mulching with 

eucalypt logging residues to mitigate post-fire runoff and erosion, as reported by Prats et al. 

(2014, 2016a, 2016b). 

 
Fig. 1 View of the burned area in Ermida (Central Portugal). Location of the mulched and control 

plots. 

As further detailed in the above-mentioned erosion mitigation studies, the eucalypt 

plantation at the study site had been logged shortly before the wildfire, having been planted some 

three decades before. Soil burn severity at the site was classified following Vega et al. (2013) as 

generally moderate (class 3), with a predominance of a black ash layer, but as moderate-to-high 

(class 4) at several spots with grey and white ashes. The moderate severity was probably due to the 

presence of logging residues on the forest floor, while the moderate-to-high severity seemed to be 

limited to spots where eucalypt wood had been stacked following the logging, especially at the base 

of the slope. The soils at the site varied from Umbric Leptosols at the top of the slope to Humic 

Cambisols at the bottom (IUSS, 2014), were derived from pre-Ordovician schists and had a sandy-

loam texture. The upper 2 cm of the mineral soil had high contents of stones (55%) as well as OM 

(10%) and a bulk density of 1.1 g cm−3 (Prats et al., 2016a). The climate of the study region is humid 
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mesothermal (Csb in the Köppen classification) or, in other words, a Mediterranean-type climate 

with moderately warm and dry but extended summers (AEMET-IM, 2011). 

Prats et al. (2016a) studied erosion mitigation for plots of approximately 100 m2 (roughly 

4 m by 25 m) that were bounded by geotextile (see Fig. 1). On 15 September 2010, before the 

occurrence of any rainfall following the wildfire, three of the six plots were randomly selected for 

mulching at a rate of 13.6 Mg ha−1 while the other three were left untreated as control plots. The 

mulching was done by hand, with Fig. 1 showing the plots immediately afterwards. The mulch 

consisted of eucalypt logging residues composed of chopped eucalyptus bark and twig fibres, 

purchased from a company handling such residues for biomass energy plants, and with an OM 

content of 88%. Prats et al. (2016a) found the mulch treatment to be highly effective, reducing 

average soil losses over the first five years after the wildfire from 616 to 56 g m−2, and average SOM 

losses (loss-on-ignition) from 247 to 17 g m−2. There was also a tendency for mulching to have a 

medium-term impact on the thickness of the O layer, averaging 3.3 vs. 2.1 cm in the mulched vs. 

control plots some five years into the treatment (Prats et al., 2016a). 

During the middle of June 2015, almost five years after the wildfire and after the mulching, 

a total of 12 soil samples were collected in each of the plots. This was done at six roughly 

equidistant points from the bottom to the top of the plots using a two-part corer of 2.1 cm by 1.8 cm 

by 39 cm that was specifically designed for Mediterranean stony soils. After pulling out the corer 

from the soil, exposing the sampled profile by taking off one of the corer's parts and removing the 

soil below 10 cm as well as the material of the O horizon, the remaining soil was carefully separated 

in two layers (0–4 and 5–10 cm) and stored in different bags for each point. Upon arrival from the 

field, the six samples of each sampling depth were then bulked to create one composite sample per 

plot, thereby averaging out the role of slope position and focusing on the role of mulching (roughly 

3 kg). Subsequently, these 12 composite samples (2 treatments × 3 plots × 2 depths) were dried 

during 48 h at 40 °C, carefully homogenized with an automatic rotary mixer, sieved to fine earth 

(2 mm) and stored in sealed bags at 4 °C till the laboratory analyses described in the ensuing sections 

could be carried out. 

2.2 Isolation of soil organic matter fractions 

The FOM fraction was isolated by rinsing the sieved soil samples in distilled water. After 

gently shaking, the samples were centrifuged and FOM was separated by filtration (Whatman filter 

No. 1; pore size ý11 μm). The FOM samples were then dried at 40 °C for 72 h and weighed. 

The extraction of the HAs was done using a similar procedure as in De la Rosa et al. 

(2011) and Tinoco et al. (2006). HAs were extracted from 40 gr of the dry soil from which the FOM 

had been isolated first. The first step consisted of adding repeatedly (5 times) 200 mL of 

0.1 M NaOH in polyethylene flasks in an N2 atmosphere. The resulting dark brown alkaline 

suspension (total humic extract) was then acidified by dropwise addition of 6 M HCl to precipitate 

the acid-insoluble HA fraction. This precipitate was subsequently re-dissolved in 0.1 M NaOH, and 

centrifuged at 4000 rpm for 20 min. The brown-supernatant was re-precipitated with 3 M HCl and, 

finally, its extracts were purified by dialysis against Millipore water in cellophane bags with a cut-

off of 8000 Da to remove excess salts, immediately freeze-dried and weighed. The HAs contents 

were expressed in percentage of dry soil. 

2.3 Elemental (C, N) and stable isotope (IRMS δ13C and δ 15N) 

analyses 

Total carbon (TC) and total nitrogen (TN) contents were analysed in triplicate for the bulk 

soil samples as well as their FOM and HAs fractions. This was done at the IRNAS-CSIC Stable 

Isotope Laboratory (SIL-IRNAS). TC and TN were measured by dry combustion in a flash 2000 HT 

elemental micro-analyzer that was coupled, via ConFlo IV universal continuous flow interface, to a 

Delta V Advantage isotope ratio mass spectrometer (Thermo Scientific, Bremen, Germany). The 

presence of carbonates was assessed on the bulk soil samples, by applying drops of 1 M HCl to the 

samples. Since none of the samples revealed any signs of effervescence, the measured TC contents 

were taken to correspond to total organic C (TOC contents. Isotopic ratios were expressed as parts 

per thousand deviations (expressed as δ values) from the appropriate IAEA standards (VPBD and 
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V–Air for C and N, respectively). The standard deviations of δ13C and δ15N were typically less than 

0.05‰ and 0.2‰, respectively. 

2.4 Soil physical and chemical characteristics 

Soil pH, electrical conductivity (EC) and water holding capacity (WHC) were measured in 

triplicate for the bulk soil samples, following the procedures described in De la Rosa et al. (2014). In 

a nutshell, soil pH and EC were measured potentiometrically using a Crison 40 pH-meter and a 

conductivity meter Crison Basic 20 (Crison, Spain) respectively in a mix of2.5:1 deionized water to 

soil ratio. WHC was determined by spreading 15 g (d.w.) of sample over a filter paper (Whatman 

No. 2; pore size 8 μm) that was placed in a funnel covered with a plastic film, saturating the soil with 

distilled water and letting it settled for 12 h. WHC was expressed as percentage of the total dry 

weight of the sample. 

2.5 Statistical analysis 

Data corresponding to elemental composition (C, N), stable isotope (IRMS δ13C and δ 15N) 

analyses, pH, WHC and EC are shown as mean values ± standard deviation of triplicate 

measurements. Normal distributed response variables of the data sets for the same sort of samples 

were analysed by ONE-WAY ANOVA followed by Tukey's test (p < 0.10). All statistical analyses 

were carried out using SPSS version 17.0 (SPSS, Chicago, IL, USA). 

2.6 Analytical pyrolysis (Py–GC/MS) 

Pyrolysis-gas chromatography/mass spectrometry (Py–GC/MS) was performed using a 

double-shot pyrolyser (Frontier Laboratories, model 2020i) that was linked to a GC/MS Agilent 

6890N system. The samples (1 mg for HAs and FOM and 2 mg for bulk soil) were spread out in 

small crucible capsules which were then placed in a pre-heated (500 °C) micro-furnace with an inert 

He atmosphere for 1 min. The released pyrolysates were directly injected into the GC/MS for 

analysis. The gas chromatograph was equipped with a HP-5ms-UI, low polar-fused silica capillary 

column of 30 m × 250 μm × 0.25 μm film thickness. The oven temperature was held at the initial 

50 °C for 1 min and was then gradually increased to 100 °C at a rate of 30 °C min−1 and from 100 °C 

to 300 °C at a rate of 10 °C min−1, and was finally maintained stable at 300 °C for 10 min. The carrier 

gas was He at a controlled flow of 1.2 mL min−1. The detector consisted of an Agilent 5973 mass 

selective detector, and mass spectra were acquired at 70 eV ionizing energy. Compound assignment 

was achieved by comparing the obtained spectra with data from literature (in particular Almendros 

and González-Vila, 2012; Almendros et al., 2018; De la Rosa et al., 2008, 2013; Faria et al., 

2015a,b; González-Pérez et al., 2004; Jiménez-González et al., 2016; Knicker et al., 2006; Piedra 

Buena et al., 2010; Quénéa et al., 2005) or inform the NIST '14 mass spectral digital library 

(Gaithersburg, USA). A total of 448 different compounds were identified. They were divided into 

the following 7 groups based on their probable origin and chemical similarity: n-alkanes/enes, n-

fatty acids, polycyclic aromatic hydrocarbons (PAHs), aromatics with non-specific origin, lignin 

derived phenols, N-containing compounds, and carbohydrate-derived products. 

Quantification of the identified compounds was based on the peak area of each pyrolysis 

product, excluding presumptively contaminants as well as minor compounds. For each sample, the 

peak area of each identified compound of the pyrograms was integrated and the proportions of the 

different compounds were calculated as percentages of the total chromatographic area. In view of the 

large dimension of the resulting data matrix, the analysis of pyrolysis compounds was done 

following the graphical-statistical method by Almendros et al. (2018), which is a revised version of 

the classical of van Krevelen (1950). In short, this new method involves creating plots of the semi-

quantitative differences between the pyrograms of the conditions/treatments being compared. More 

specifically, these plots depict the surface densities ofthe total abundances of the pyrolytic 

compounds in a space defined by the compounds' H/C and O/C ratios. In other words, the 

compounds H/C and O/C ratios are plotted on x and y axes), while their total abundances are plotted 

on the z axis. Deviations in pyrolytic compound compositions between pyrochromatograms can also 

be depicted as subtraction surfaces with Peaks and valleys in these plots reveal concentration and 
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selective depletion, respectively, of the constituents of structural domains under the 

conditions/treatments being compared. 

2.7 Solid state 13C NMR spectroscopy 

Solid-state 13C NMR spectra were obtained with a Bruker Avance III HD 400 MHz 

instrument, using ZrO2 rotors of 4 mm OD for 13C with Kel-F caps. The cross polarization (CP) 

technique was used during magic-angle spinning (MAS) of the rotor at 14 kHz for 13C. Contact time 

was 1 ms, pulse delay was 0.5 s and line broadening was 50 Hz. In order to increase the signal/noise 

ratio of the NMR spectra, for each sample between 5000 and 10,000 scans were acquired and added. 

The spectra were quantified by dividing them into the following six, well-established chemical shift 

regions: alkyl C (0–45 ppm); N-alkyl/methoxyl C (45–60 ppm); O-alkyl C (60–110 ppm); aryl C 

(110–140 ppm); O-aryl C (140–160 ppm); carbonyl/amide C (160–250 ppm) (Knicker et al., 2008). 

The MestreNova 10 software (Mestrelab Research, S.L.; Santiago de Compostela, Spain) was used 

to integrate signal intensity over the above-mentioned chemical shift regions and to obtain the 13C 

relative intensity distribution. 

3 Results and discussion 

3.1 General characterization of bulk soils, humic acids and 

free organic matter fractions 

Table 1 resumes the general results obtained for the bulk soil samples and their HAs and 

FOM fractions at the two sampling depths. Roughly five years after the fire and subsequent 

mulching, the TC content at the upper sampling depth was 1.5 times higher in the mulched than 

untreated plots (305 ± 14 vs. 195 ± 14 g kg−1). This difference was in line with that reported by Prats 

et al. (2016a) for topsoil OM content. The TC content at the lower sampling depth, however, did not 

vary significantly between the mulched and control plots. In contrast, the TN content did not differ 

significantly between the two treatments at either of the two sampling depths, possibly reflecting the 

relatively low N content of the mulching material (4 g kg−1). The suggested mulching-induced 

increase in TC/TN ratio at the upper sampling depth might imply ta reduction in N availability and, 

hence, a negative side-effect of mulching, as Nicholson et al. (1997) alerted against. This possible 

drawback would deserve further research attention, both at the short and long term. 
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Table 1 Elemental composition (Total Carbon; TC, Total Nitrogen; TN), pH in H2O, electrical conductivity (EC) and 

water holding capacity (WHC) of bulk soils. Relative abundance, elemental (TC, TN) and isotopic composition 

(δ13C, δ15N) of humic acids and free organic matter fractions isolated from bulk soils. 

 

Data are shown as mean values ± standard deviation (n = 3). Values followed by the same letters are not statistically 

different at p ≤ 0.05 by the Tukey's test. 

Apparently, mulching led to a slight decrease in soil pH, as average values at the two 

sampling depths were 6.1 and 6.2 in the control plots as opposed to 5.7 and 5.1 in the mulched plots 

(Table 1). Such a decrease was statistically significant for the lower sampling depth, which was in 

line with the pH of the applied mulch (4.9 ± 0.5). The greater decrease at the lower than upper 

sampling depth was unexpected and hard to explain. Worth noting in this respect was that the 

present values all are within the range reported by Campos et al. (2016) for burnt eucalypt soils. 

Average EC was 213 and 255 μS in the control and mulched plots, respectively; at 5–10 cm depth it 

was 50–93 μS. Mulching increased significantly EC at the 5–10 cm depth soils. Unlike pH and EC, 

water holding capacity (WHC) did not reveal any apparent impact of mulching. 

Similar to TC content, the amount of extracted HAs was clearly higher in the mulched than 

control plots at the upper sampling depth (4.2 vs. 2.3%), but basically the same at the lower depth 

(5.9 vs. 6.3%). This contrast, together with the higher HAs amounts at the lower than upper depth, 

could be explained by a combination of two factors. First, fire had a greater impact at 0–5 than 5–

10 cm, in line with the findings of Aznar et al. (2016) that wildfires typically only affect the first few 

cm of the mineral soil profile. Second, mulching somehow contributed to the preservation of HAs in 

the topsoil by the fifth year after the fire. This role of mulching could be direct, with mulch as a 

source of HAs, and/or indirect, with mulch strongly reducing sediment and organic matter losses 

and, thereby, retaining wildfire ashes and charred litter and plant material (Prats et al., 2016a). 

Charred plant residues incorporated to the soil are thought to undergo oxidative degradation, 

accompanied by carboxylation, during a long period after the fire ultimately being transformed into 

humic substances. This process was recently demonstrated by Yanagi et al. (2016) for volcanic ash-

derived soils (Andosols) that were affected by fire. 

The FOM results for the upper sampling depth agreed with the HAs results, with a clearly 

higher content at the in the mulched than control plots (10.6 vs. 6.1%). The FOM results for the 

lower depth, however, did not. FOM content at 5–10 cm depth was not only markedly higher in the 

mulched than control plots (2.9 vs. 0.9%) but it was also noticeably lower than at 0–5 cm for both 

the mulched and control plots. FOM results therefore did not hint at a noticeable fire effect but did 

suggest a marked mulching effect. This mulching effect could be attributed, at least in part, to a 

downward incorporation of OM compounds of the mulch layer into the SOM pool, probably by 

leaching. Nevertheless, the mulching-induced reduction in wildfire ash losses and topsoil erosion 

could play a relevant role as well. 

The δ13C results were consistent with biomass derived from plant species with a 

C3 photosystem, as is the case of Eucalyptus globulus (Table 1). Furthermore, the actual values were 

similar to those reported for this species by dos Anjos-Leal (2015). The C isotopic composition did 

not differ appreciably between the bulk soil samples (−26.4 to −26.8‰) and their HAs fractions 

(−25.9 to −27.0‰). The mulch itself, however, was slightly depleted in 13C (−28.2‰). This depletion 

could be attributed to microbial activity, especially after the logging residues have been chopped and 

are stored in heaps (as indicated by the considerable heat development within these heaps). 
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Microbial respiration usually produces fractionation of SOM accompanied by 13C enrichment (Zech 

et al., 2007). 

The δ15N values varied noticeably more than the δ13C values. This was especially the case 

for the bulk soil samples, ranging from +0.3 to +8.1‰, and to a lesser extent for their HAs fractions 

(+4.5 to +8.2‰). Also the depletion of the mulch in 15N was comparatively pronounced 

(δ15N = −3.9‰). Unlike the δ13C content, the δ15N content revealed a strong increase from the upper 

to the lower sampling depth for both control and mulched plots. Such an increase is generally 

observed in forest soils (Billings and Richter, 2006; Girona-García et al., 2018). This depth pattern 

could be caused by biologically mediated N losses (ammonification, nitrification and denitrification 

processes), producing a selectively 15N enriched biomass (Szpak, 2014). The δ15N values of the upper 

sampling depth were lower in the mulched than control plots, most noticeably in the bulk soil 

samples (0.3 vs 1.1‰). The most plausible explanation for this difference was that mulching 

represented an addition of δ15N light biomass that was progressively converted and incorporated into 

the HA fraction. 

3.2 Analytical pyrolysis (Py–GC/MS) 

Fig. 2 gives the surface density plots in the form of Van Krevelen's diagrams, in which the 

cumulative abundances of the pyrolysis compounds are plotted against their H/C and O/C atomic 

ratios. The plots not only depict the different compounds at the two sampling depths for the two 

treatments (mulching and control plots) but also the respective differences between both treatments 

for the bulk soil samples, as well as their HAs and FOM fractions (Fig. 2a–c, respectively). 

In general, the pyrochromatograms of all bulk soil samples were dominated by alkyl 

compounds (including olefins and fatty acids), lignin-derived compounds (methoxy-phenols), 

aromatic compounds (mainly phenols and benzenes), and compounds derived from carbohydrates 

and cyclic lipids (including sterols) (Table 2, supplementary Tables-ST1 and ST2).  

The presence of carbohydrates, one of the most energetically available substrate, in the 

pyrolysates was reduced at both sampling depths (0–5 cm: 11.7–15.8%; 5–10 cm; 22.3–24.9%) This 

suggested that any direct impact of the wildfire had lasted less than the five years since the wildfire 

occurred, in line with the above-mentioned findings for TC and HAs contents. 
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Fig. 2 Surface density map displaying cumulative abundances of pyrolysis compounds identified 

from mulched and un-mulched (control) plots at a) bulk soils, b) humic acids and c) free organic 

matter represented in the space defined by their H/C and O/C atomic ratios in a classical Van 

Krevelen's (1950)diagram. 
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Table 2 Integration area (%) of the total ion chromatogram of pyrolysis gas chromatography–mass spectrometry by 

component classes of bulk soil, humic acid, free organic matter and mulching material. 

 
aPAH = Polycyclic aromatic hydrocarbons. 
bLipid includes ketones, aldehydes, terpenes and sterols. 
cN-comp = Nitrogen containing compound including peptides. 
dn-alkane/alkene includes alkaline compounds. 

Comparison of the pyrograms of the mulched and untreated bulk soil samples indicated that 

mulching had led to an increase in the percentage of the n-alkyl compounds with low H/C ratios 

(mainly n-alkenes and substituted n-alkanes). This difference was most apparent for the upper 

sampling depth. Furthermore, mulching seemed to have increased the percentages of n-alkanes at 0–

5 cm depth (22.8% vs. 28.7%) as well as carbohydrates (11.7 vs. 15.8%). These carbohydrates were 

dominated by furans, lignin-derived compounds (methoxy-phenols) (11.7 vs. 15%) and fatty acids 

(3.6% vs. 6). Apparently, mulching had a positive effect on the levels carbohydrates, fatty acids 

and n-alkanes in the topsoil, even if lignin-derived compounds and cellulose were the main 

components of the applied mulch. It is now well-established that wildfires frequently alter SOM 

quality through degradation of carbohydrates C functional groups and alkyl compounds (Knicker et 

al., 2008). These compounds pertain to the more labile fraction of SOM. Mulching therefore seemed 

to have fostered the presence of the most labile OM compounds some five years after the wildfire 

and, hence, have facilitated the post-fire recovery of SOM quality over the mid-term. 

The pyrograms of the bulk soil samples also revealed a noticeable presence of 

anhydrosugars, mainly levoglucosan (1,6-anhydro-β-1D-glucopyranose; Supplementary Tables ST1 

and ST2). At 0–5 cm depth, levoglucosan amounted to 4.4 and 3.0% of the TIC in the mulched and 

control samples, respectively (ST1 and ST2; min 10.0–10.1). This could be explained by the 

protective role of the mulch, both against soil erosion and against extremes in soil heating. Since 

levoglucosan is a major product of thermal decomposition of cellulose (Simoneit et al., 1999), it has 

been proposed as a marker of vegetation combustion. More recently, however, Knicker et al. 

(2013) found evidence that alterations of levoglucosan are also likely to occur after its incorporation 

into the SOM pool. Furthermore, levoglucosan can be produced during analytical pyrolysis, so that 

its use as marker of fire impact requires the necessary caution. 
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The pyrograms of all HAs samples were dominated by aromatic compounds (benzenes, 

naphthalenes and phenols, amounting to 31–41% of the TIC), n-alkanes/enes, and some protein- and 

polypeptide-derived compounds (mainly pyridines and pyrroles) (Fig. 2b, Table 2, Supplementary 

Tables ST1 & ST2). At the same time, the HAs pyrograms suggested some differences between the 

mulched and control plots. These differences included markedly higher contents of lignin-derived 

compounds (methoxy-phenols), lipids (mainly sterols) and carbohydrates in the mulched plots. 

These specified differences were probably related to the release of these types of compounds from 

the mulch layer (with its raw lignocellulosic biomass) and their incorporation in the SOM pool. 

However, they could also reflect differences in vegetation recovery between mulched and control 

plots. 

The pyrolysis compounds of the FOM fraction largely consisted of n-alkanes, aromatic 

compounds (phenols), lignin-derived compounds (methoxy-phenols) and peptides (Fig. 2, Table 2). 

Apparently, these compounds originated directly from plant residues. The FOM fraction revealed 

clear differences between the upper and lower sampling depths. The FOM contents of carbohydrates, 

lignin compounds and peptides increased drastically from 0 to 4 to 5–10 cm depth, while the 

opposite was true for n-alkanes and PAHs. These differences could be explained by the wildfire 

impact on the topsoil. In contrast, the impact of mulching appeared to be limited to addition to an 

increase in the proportions of carbohydrate-derived compounds at 0–5 cm depth (6.4% vs. 3.6%). 

Finally, the van Krevelen diagrams revealed a rearrangement of the lignin moieties, which could 

have been caused by the input of lignocellulosic compounds from the mulch. Overall, the present 

results suggested that mulching increased the diversity of molecular SOM composition, promoting 

the coexistence of labile and resilient OM fractions in different soil compartments. 

3.3 13C solid state nuclear magnetic resonance spectroscopy 

The CP-MAS 13C NMR spectra of the different types of samples are shown in Fig. 3a (bulk 

soil samples), 3b (HAs), 3c (FOM) and 3d (mulch). In addition, Table 3 gives the 13C intensity 

distribution among the different chemical shift regions assigned to specific C groups. 

 
Fig. 3 Solid-state 13CP MAS NMR spectra of a) bulk soils, b) humic acids, c) free organic matter and 

d) mulching material. 
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Table 3 Assessment (%) of the different C types as seen by 13C NMR integration regions. 

 

C region shifts are given in ppm . 

The spectra of the bulk soil samples from 0 to 5 cm depth were dominated by the signal in 

the chemical shift region between 0 and 45 ppm (26–31% of the total 13C-intensity). This signal is 

typically assigned to alkyl C, which derives from lipids and amino acids in plant and microbial 

residues. The signal attributable to carbohydrates in the O-alkyl C region (between 60 and 110 ppm) 

corresponded to 26% of the total 13C-intensity in the bulk soil samples from 0 to 5 cm depth. The 

third greatest intensity was that of the aryl C region (110–140 ppm). This region contributed with 27 

and 20% to total 13C intensity of the mulched and control plots, respectively. The difference in 

intensity between the two treatments could be explained by the reduced sediment and wildfire ash 

losses from the mulched plots. The relative contribution of the aryl C region furthermore decreased 

from the upper to the lower sampling depth, from 16 to 17 to 20–27%. This pointed to the lack of 

charred residues and, hence, the absence of a clear fire signature at 5–10 cm soil depth. The present 

values of the intensity contribution were similar to the 15% reported by Knicker et al. (2008) for 

fresh plant material. 

Similar to the bulk soil samples from 0 to 5 cm depth, those from 5 to 10 cm depth were 

dominated by the O-alkyl and alkyl C signals. These two signal regions accounted for 31–33 and 

24–27%, respectively, of the signal intensity. 

The 13C NMR spectra of the FOM fractions revealed several differences between the 

mulched and control plots. The O-alkyl C and alkyl C contributions were lower in the mulched than 

control plots. A possible explanation is that mulching enhanced the degradation of the most labile 

structures in this pool. Alternatively, however, the mulch could have fostered the preservation of 

pyrogenic OM, through reducing breakdown and/or through decreasing losses by wind and water 

erosion. This alternative explanation was supported by the fact that the mulch was mainly composed 

of O-alkyl C (60–110 ppm; 76%), together with the fact that the percentage of aryl C was higher in 
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the mulched than control FOM (36% vs. 28%). PAHs are produced during the partial charring of 

biomass (De la Rosa et al., 2016). In general, PAHs are highly condensed macromolecular structures 

with a low solubility in water and, hence, may not constitute a high risk for downstream surface 

water pollution. Even so, the abundance of aryl-C forms in topsoil FOM should be monitored 

following mulching, including at the long term. In contrast to at the upper sampling depth, the 

chemical composition of FOM at the lower sampling depth was very similar for the mulched and 

control plots. This was in line with the present findings for the bulk soil samples and their HAs 

fractions, adding to the evidence that the wildfire studied here did not produce relevant changes in 

SOM quality beyond the uppermost 5 cm of the mineral soil. 

4 Conclusions 

The results of this study pointed out that mulching contributed to the transferring of the 

aromatic signature of charcoal to the topsoil OM, most likely by reducing the erosion of the wildfire 

ash layer. Apparently, mulching contributed to the preservation, in the topsoil, of pyrogenic C, i.e., 

black carbon-like material that is considered to be one of less labile forms of natural OM. The 

combined use of analytical pyrolysis and 13C NMR spectroscopy confirmed that mulching fostered 

the recovery of the levels of carbohydrates, fatty acids and n-alkanes in the topsoil. Since these three 

types of compounds belong to the most SOM labile fractions, its observed contents were a sign of 

the quality and biological activity of the soil about five years after the fire. Mulching also appeared 

to favour an increase in topsoil HAs amounts, but lacked a noteworthy effect on their molecular 

composition. Similarly, the topsoil FOM fraction was higher in the mulched than untreated plots. 

The O-alkyl and alkyl-C forms in the FOM pool were reduced in the mulched soils, while the 

opposite was suggested for aryl-C forms. Apparently, a substantial part of the pyrogenic OM that 

was preserved through mulching was already present in the FOM fraction of the burnt topsoil. 

Mulching could therefore have consequences for SOM quality in fire-prone areas beyond the time 

frame of this study, and this would surely deserve further research attention. 
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