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Abstract

Quantitative changes in soil organic matter (SOM) from undisturbed Mediterranean forests and

neighbouring deforested sites were assessed by analysing soil lipids and humic acids (HAs), in total

studying 80 variables. Changes in the composition of free lipids reflected vegetation types, whereas HAs

analysed by visible and 13C NMR spectroscopy, sodium perborate degradation and Curie-point

pyrolysis indicated the extent of structural alteration of lignin in soil. The molecular fractions released

by degradation techniques applied to HAs showed that demethoxylation and oxidation were associated

with the removal of forest vegetation, and the aromatic compounds consisted mainly of

methoxyphenols and benzenecarboxylic acids. Decreased concentration of alkanes and increased

amounts of alcohols were observed after removal of forests. The chain lengths of alkyl compounds also

tended to decrease. In forest soil, there was a series of diterpene resin acids, whereas in pasture soil

steroids from animal origin and a root-derived triterpenoids with friedelan structure were found. In

relation to the total quantity and quality of soil C, the overall chemical descriptors indicated that

clearing and cultivation (semiarid cereal fields) lead to intense mineralization of SOM (mainly

particulate, free organic matter) but the residual humic substances have enhanced maturity in terms of

structural condensation and potential resilience. Conversely, the cleared forest soil under pasture had a

comparatively higher potential for C sequestration, but the HA characteristics suggested selective

preservation of plant biomacromolecules directly incorporated as underground biomass.
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Introduction

Identification of descriptors sensitive to the effect of soil use

and management (such as removal of forest vegetation and

cultivation) is not a trivial matter in the case of soils

subjected to recent anthropogenic perturbations. In

biogeochemical terms, the quantitative assessment of soil

resilience requires the determination of the extent to which

soil characteristics reflect a series of features related to the

changing structure of the trophic system. In the case of

cultivated soils, these changes are expected to be connected to

the removal of the original vegetation, the new soil physical

conditions after the continuous mechanical disruption of soil

epipedon and the periodic inputs of chemical fertilizers, crop

wastes or other organic amendments (Cerri et al., 1991;

Desjardins et al., 1994; Veldkamp, 1994; Zukowska & Flis-

Bujak, 2002; Bertoncini et al., 2008; Figueiredo et al., 2008;

Kawasaki et al., 2008; Pardo et al., 2008; Valtinat et al.,

2008; Apezteguı́a et al., 2009; D’Angelo et al., 2009; Hamer

et al., 2009; Pajares et al., 2009). The present article

represents an exploratory experimental appraisal of the

impact of deforestation (i.e. removal of the original

vegetation) of Mediterranean forests in Central Spain

through chemical descriptors. The aim was to assess the

extent to which these alternative soil uses produced changes

in the quantity and quality of different soil organic matter

(SOM) fractions, which could be discussed in terms of

resilience, sustainability or soil carbon sequestration under

different management practices. Molecular assemblages

corresponding to these descriptors were obtained from three

progressively more complex organizational levels of the

SOM: (i) direct extraction with organic solvents (total free

lipid), which is expected to reflect the most recent changes in

the structure of the trophic system; (ii) oxidative degradation

of humic acids (HAs) with sodium perborate, which
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releases volatile compounds amenable to study by

gas chromatography combined with mass spectrometry

(GC ⁄MS); and (iii) analytical pyrolysis combined with

GC ⁄MS (Py-GC ⁄MS), which is assumed to provide

information on recalcitrant, C–C linked structures.

Materials and methods

Experimental design, sample collection and soil general

analysis

A series of soil samples from four ecosystems representative

of the original and current status of Mediterranean forest

soils after transformation into cereal crops or pastures

(>30 yr) were selected: soil 1-OF (seminatural evergreen oak

forest) was Calcaric Cambisol, soil 1-CC was the deforested

evergreen oak forest used for cereal cultivation, soil 2-AF

(ash forest) was Epigleyc Cambisol and deforested soil 2-PS

was a neighbouring pasture (Table 1). In both cases, the

distance between seminatural and cultivated sampling sites

was less than 50 m; when present, soil litter was removed,

and two composite samples per site were prepared by mixing

up to four individual subsamples taken about 10 m. Soil

samples were dried at room temperature and homogenized to

2 mm before standard physico-chemical analyses (INEA,

1973).

The mechanical analysis was carried out following Kilmer

& Alexander (1949), after removal of SOM by treatments

with dilute H2O2. The water retention of soil was calculated

as water holding capacity, that is the difference in the water

retained by the soil at 1.0 and at 0.1 bar. Water drop

penetration time was determined by adding a water drop on

the surface of the soil sample and measuring the time elapsed

for the drop to be completely absorbed by soil (Savage et al.,

1972). When the drop penetration time was more than 300 s,

the soil was considered to have water repellency (Wallis &

Horne, 1992).

Soil pH was measured in a 1:2.5 (w:v) soil:water ratio

(INEA, 1973). The total content of carbonates was

determined with a Bernard calcimeter (Guitián & Carballas,

1976). Total N was determined by micro-Kjeldahl digestion

and the soil C by wet oxidation using 1 mol ⁄L K2Cr2O7 in

acid medium and further redox titration (Nelson & Sommers,

1982). The available K+, Na+, Ca2+and Mg2+were

Table 1 Differences between general characteristics of the sampling sites in seminatural Mediterranean forests and derived neighbouring

agroecosystems

Characteristic

Site

1-OF 1-CC 2-AF 2-PS

Vegetation Oak forest

(Quercus ilex subsp.

rotundifolia)

Deforested, cereal

crop

Ash forest (Fraxinus

angustifolia)

Deforested, pasture

Location (Madrid, Spain) Nuevo Baztán Nuevo Baztán El Berrueco El Berrueco

Altitude (masl) 870 870 950 950

Latitude–Longitude (UTM) 4472–476 4472–476 4526–451 4526–451

Geological substrate Limestone Limestone Granite Granite

Soil type (FAO) Calcaric Cambisol Rendzinic Leptosol Epigleyc Cambisol Ortieutric Cambisol

Slope (%) 0 0 2 2

Soil colour (Munsell)

Dry 10YR 4 ⁄ 4 7.5YR 4 ⁄ 6 10YR 4 ⁄ 2 10YR 5 ⁄ 2
Wet 10YR 3 ⁄ 4 10YR 3 ⁄ 4 10YR 2 ⁄ 1 10YR 3 ⁄ 3

Textural analysis (g ⁄ kg)a LSDb

Very coarse sand (2–1 mm) 15 14 114 76 33

Coarse sand (1–0.5 mm) 32 25 206 172 35

Medium sand (0.5–0.2 mm) 41 55 169 155 17

Fine sand (0.2–0.1 mm) 40 48 85 73 13

Very fine sand (0.1–0.05 mm) 87 91 48 46 13

Total sand (2–0.05 mm) 215 233 622 522 66

Silt (0.05–0.002 mm) 758 539 264 352 58

Clay (<0.002 mm) 27 228 113 126 30

Textural classification Silt loam Silt loam Sandy loam Sandy loam

UTM, Universal Transverse Mercator; aUnited States Department of Agriculture; bLeast significant difference (P < 0.05) calculated from soil

composite samples and corresponding to two spatial replications.
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extracted with 1 mol ⁄L NH4OAc at pH = 7 and cation

exchange capacity (CEC) was determined (Juo et al., 1976;

Page et al., 1982). Sodium and K+ were determined by flame

ionization spectroscopy, and Ca2+and Mg2+ by atomic

absorption spectroscopy. Sum of bases (S) was calculated as

S = K+ + Na+ + Ca2+ + Mg2+, and the base saturation

was determined as (S ⁄CEC) · 100. The H+ content

(exchange acidity) was determined by difference

(H+ = CEC)S).

Isolation and analysis of the lipid compounds

Soil lipids were isolated and analysed in order to characterize

their distribution patterns and to check for diagnostic

biomarker compounds suitable to reflect differences between

the formation processes of the SOM in the different

ecosystems studied. The soil lipids were extracted from

samples of ca. 50 g of soil using petroleum ether (40–60 �C)
for 24 h, in 250-cm3 Soxhlet. This solvent was used in

order to prevent the co-extraction of brown-coloured

macromolecular material that is removed with more polar

solvents, which makes it necessary to purify the lipid (leading

to selective sample losses) prior to GC. The extraction liquid

was changed every 12 h. The total extract obtained was

subjected to dehydration with anhydrous Na2SO4 and

evaporation under reduced pressure to approximately 50 cm3

before drying under N2 stream at room temperature (20–

25 �C) and weighed.

For gas chromatographic analyses, the lipid samples were

suspended in the minimal volume of methanol and

methylated (three-fold) with ethereal diazomethane generated

from Diazald (Schnitzer, 1974). The lipid compounds were

separated and identified by GC ⁄MS using an HP 5890

chromatograph connected to an HP 5971 mass detector (EI,

70 eV) and equipped with an 25 m · 0.22 mm internal

diameter, cross-linked OV-1 column. Helium flow was

adjusted to 1 cm3 ⁄min; the oven temperature was

programmed from 70 to 220 �C at 4 �C ⁄min during the

chromatographic run. For quantitative measurements,

additional injections of replicated samples were made in a

GC with a flame ionization detector. The identity of the

compounds was assessed by their EI mass spectra at 70 eV,

using the Wiley (2005) spectral database for comparison.

Macromolecular soil organic matter fractions

The quantitative determination of the particulate and alkali-

extractable SOM fractions was based on classical procedures

(Dabin, 1971; Duchaufour & Jacquin, 1975), and is outlined

in Figure 1. The separation of the low density, particulate,

non-humic fraction, consisting of particles of plant residues

at their early stages of transformation, that is free organic

Soil

Extraction with
petroleum ether

2 M H3PO4 (d = 1.2 g/mL)

Aqueous phaseParticulate floating
fraction

Heavy fraction

(1) 0.1 M Na4P2O7 (×2)
Free organic

matter
Fulvic acids

(free FA)
(2) 0.1 M NaOH (×4)

Total humic
extract

Humin
(insoluble fraction)

HCl to pH = 2

Aqueous phase Insoluble precipitate

Fulvic acids (FA) Humic acids (HA) Figure 1 Soil organic matter fractionation

procedure.
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matter (FOM) was carried out by flotation using 20 g

soil samples suspended in a CHBr3–EtOH mixture

(d = 1.8 g ⁄ cm3) in 150-cm3 centrifuge tubes. The soil

suspension was stirred for 1 min and centrifuged at 3 024 g

for 10 min. The light floating particulate fraction was divided

into two sub-fractions of different density, by resuspension in

2 mol ⁄L H3PO4 (d = 1.25 g ⁄ cm3) and centrifuged at 1 935 g

for 5 min. The light floating particulate fraction was labelled

as FOM1 (d < 1.25 g ⁄ cm3), the heavy particulate fraction as

FOM2 (d = 1.25–1.8 g ⁄ cm3), and the soluble fraction as free

fulvic acid (free FA). The heavy fraction remaining after the

first centrifugation with the CHBr3–EtOH mixture was

subjected to a new CHBr3–EtOH treatment to obtain the

remaining humin (light fraction). The residue was successively

extracted by shaking with 0.1 mol ⁄L Na4P2O7 followed by

0.1 mol ⁄L NaOH (horizontal motion mechanical shaking for

3 h) and centrifuged. This treatment was repeated up to five

times, and the resulting brown extract obtained corresponded

to the total humic content and it was stored in closed bottles

(2000 cm3), from which two aliquots were taken. One of the

aliquots (25 cm3) was precipitated with H2SO4 (1:1 by vol.) to

determine the acid-insoluble fraction (HA) and, by difference

with the total humic extract (25 cm3), the amount of the acid-

soluble fraction (FA) was calculated. The soil residue after

the alkaline extraction was washed with distilled water and

dried at 40 �C. The carbon (C) concentration in this residue

was total humin.

Preparative isolation, de-ashing and spectroscopic

characterization of the humic acids

The preparative isolation of the HA fraction was carried out

by precipitating the humic extract at pH 2.0 with 6 mol ⁄L
HCl, then redissolving the precipitate in 250 cm3, low form,

Griffin beakers with 0.5 mol ⁄L NaOH, followed by

centrifugation at 43 500 g. The insoluble residue, consisting

of particulate mineral and organic fractions, was discarded

and the dark brown supernatant solution (sodium humate)

was reprecipitated with 6 mol ⁄L HCl. The resulting gel was

put into cellophane bags (Visking� dialysis tubing, molecular

weight cut-off 12 000–14 000 Da; pore diameter ca. 25 Å)

immersed into distilled water for about 1 week, with

periodical replacement of the water. After dialysis, the HA

was dried at 35 �C. In total, up to 80 variables including the

structural units of the HAs were studied using visible and

NMR spectroscopies (Stevenson, 1982; Wilson, 1987),

perborate degradation (Almendros & Sanz, 1992), and Curie-

point pyrolysis (Martin, 1975; Saı́z-Jiménez & de Leeuw,

1986; Schnitzer & Schulten, 1995).

Routine analyses of the humic acids

Elemental analysis of HAs was performed on a Carlo-Erba

NA 1500 Series 2 Elemental Analyzer (CE Elantech,

Lakewood, NJ, USA). Visible spectroscopy was used as a

routine tool to assess the aromaticity of the HAs and to

obtain information on polydispersity (Traina et al., 1990;

Chen et al., 1977). In addition, derivative visible spectroscopy

was used to detect chromophors such as microbial

metabolites that are incorporated into the HA structure

(Kumada & Hurst, 1967). In order to determine their optical

density, HA solutions of 66.6 mg ⁄L C, that is 50% diluted

compared with the concentration proposed by Kononova

(1962) in 0.02 mol ⁄L NaOH, were prepared. The second-

derivative visible spectra were obtained from the above HA

solutions using a Shimadzu UV-240 OP-2 spectrophotometer.

Cross polarization and magic angle spinning (CPMAS)

solid-state 13C NMR spectra were obtained at 2.3 Tesla with

a Bruker MSL 100 spectrometer at 25.1 MHz. Interval

between pulses was 3 s and contact time 1–1.5 ms. For each

spectrum between 104 and 105, free induction decays were

accumulated. The line broadening applied was 125 kHz and

the filter broadening 25 kHz, the acquisition time was

12.3 ms and the applied spinning speed was 4.3 kHz, using

one standard, dual-cavity rotor with 300 mg sample. The

chemical shifts were calibrated (0 ppm) relative to

tetramethylsilane. The integration routine of the spectrometer

was used to quantify the relative intensity of the following

chemical shift regions: 0–45 ppm (alkyl C), 45–60 ppm (N-

alkyl C, methoxyl C), 60–110 ppm (O-alkyl C), 110–160 ppm

(aromatic C, olefinic C), 160–185 ppm (carboxyl C, amide C),

and 185–245 ppm (ketone C, aldehyde C).

Degradation methods

Analytical degradation of the HAs was carried out both by

wet chemical oxidative degradation with sodium perborate

and by thermal degradation (analytical pyrolysis). For

perborate degradation, the HAs (100 mg) were heated to

90 �C in 150-cm3 screw-cap Pyrex flasks containing 50 cm3 of

5% NaBO2ÆH2O2 (Almendros et al., 1987). After 2 h, the

brown digest solutions were precipitated with 6 mol ⁄L HCl

and the non-degraded residue was separated by

centrifugation. One treatment transforms about 40% of the

original weight into soluble products, and the repeated

treatments on the above residues allow the total

solubilization of the sample without producing a condensed

residue, which is the case with other mild degradation

methods (Almendros et al., 1987, 1991). Therefore, in our

study, perborate treatment was repeated with the residue for

up to seven times.

Pyrolysis experiments were carried out using a Curie-point

pyrolyzer (Horizon Instruments) attached to a Varian Saturn

2000 GC–MS system. The samples were heated for 5 s on

ferromagnetic wires at 510 �C Curie-point temperature. The

interface temperature was set at 250 �C. The injector, with a

liquid CO2 cryogenic unit, was programmed from )30 to

300 �C at 20 �C ⁄min. In both cases, the GC oven was
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adjusted from 50 to 100 �C at 32 �C ⁄min and then up to

320 �C at a rate of 6 �C ⁄min. For the chromatographic

separation, a fused-silica capillary column (25 m · 0.32 mm)

coated with CPSil (film thickness 0.4 lm) and He as carrier

gas was used. Tentative compound identification was based

on literature data and comparisons with mass spectral

libraries (National Institute of Standards and Technology

(NIST), 1995; Wiley, 2005).

Statistical analysis

The spatial variability resulting from the different sampling

points was analysed by a one-way analysis of variance, using

the least significant difference method at the P < 0.05 level

(Fisher, 2006).

Results and discussion

General analytical characteristics

Table 2 shows the CEC, exchangeable bases (Na+, K+, Ca2+

and Mg2+), base saturation and CEC:C ratio in the studied

soils. A higher value of CEC was observed in the original

soils compared with the deforested ones, with values of 41.2

and 21.2 cmolc ⁄kg for 1-OF and 1-CC, and of 21.8 and

12.6 cmolc ⁄kg for 2-AF and 2-PS, respectively. These

differences were more significant when the clay content was

comparatively higher, as in soil 1-CC. Nevertheless, the soil

textural types did not change (Table 1). As expected, the

SOM content decreased in deforested soils compared with the

corresponding wooded area (16 and 3% for 1-OF and 1-CC,

and 16 and 8% for 2-AF and 2-PS). The CEC:C ratio, used

as an index of soil quality, remained unchanged between 2-

AF and 2-PS (2.4 and 2.6, respectively), but increased

significantly from 1-OF to 1-CC (4.3–12.6).

The CEC:C ratio could be regarded as an index of the

quality of humus, considering that SOM accounts for most

(>70%) of the soil exchange capacity (Stevenson, 1982). In

fact, the soil CEC usually displays values parallel to those of

soil C (Skyers et al., 1970; Rashidi & Seilsepour, 2008).

Although mainly used for the assessment of composts quality

(Hachicha et al., 2009; Kianirad et al., 2009) a high CEC:C

ratio could be considered a good indicator of well-humified

SOM, as opposed to the less evolved types of humus, where

the contribution to the CEC by C unit is much less (Garcı́a-

Gómez et al., 2005; Melo et al., 2007). This index should be

especially useful for cultivated soils, where the classical C:N

ratio usually used to estimate humus quality is not biased by

fertilization. The former case was observed in 1-CC

compared with 1-OF, suggesting a higher level of oxidation

of SOM as a result of the effect of mechanical tillage,

whereas the effect of grazing at 2-PS compared with 2-AF did

not show significant differences. The decrease in the SOM

concentration in deforested soils (16 and 3% for 1-OF and

1-CC, and 16 and 8% for 2-AF and 2-PS) agrees with the

above statements, and could be attributed to the accelerated

mineralization induced by tillage.

Free lipid fraction

Total abundances and ratios between the different groups of

fatty acids, alkanes, alcohols and terpenic compounds

identified in the lipid fraction are presented in Table 3. It was

observed that deforestation of the forest led to some decrease

in the total amount of non-polar constituents (alkanes),

whereas changes in the amount of fatty acids were

comparatively small. The total concentration of alcohols

tended to increase both in pastured and cultivated sites.

Concerning chain length, both in the cases of alkanes and

fatty acids, some significant trend to short chain length in

deforested sites was observed. Diagnostic changes in the

terpenic compounds were evident: in forest soil 2-AF, a series

of hydrocarbons and diterpene resin acids (dehydroabietin,

totarol methylether, dehydroabietal and pimaric acid)

prevailed, whereas in deforested site 2-PS triterpenoids

accounted for 2.1–3.9% of the total volatile compounds

(Figure 2). This group includes the sterols, which in 2-PS

were represented by cholesterol, ergost-5-in-3b-ol and

Table 2 Chemical analytical characteristics of the uppermost (0–

10 cm) horizon of relictual forests and derived Mediterranean

agroecosystems

Characteristic

Sitea

LSDb1-OF 1-CC 2-AF 2-PS

pH (H2O) 7.9 8.4 6.8 6.0 0.1

CaCO3 (g ⁄ kg) 68 62 0 0 2.0

Water drop penetration time

(WDPT, s)

29 2 9 2 2.3

Water holding capacity (g ⁄ kg) 881 473 933 699 185

Oxidizable C (g ⁄ kg) 95.1 16.8 92.1 48.5 4.6

Organic matter (g ⁄ kg) 164 29 159 84 7.9

N (g ⁄ kg) 6.2 1.3 7.0 3.7 0.2

C:N 15.3 12.7 13.3 13.1 1.8

Na+(cmolc ⁄ kg) 1.13 0.52 0.43 0.35 0.56

K+(cmolc ⁄ kg) 1.44 0.61 0.58 0.26 0.53

Ca2+(cmolc ⁄ kg) 34.8 19.7 17.0 8.5 4.3

Mg2+(cmolc ⁄ kg) 3.8 0.42 2.8 1.1 1.2

H+(cmolc ⁄ kg) 0 0 0.99 2.39 3.66

Total exchangeable bases

(Na+ + K+ + Ca2+ + Mg2+)

41.2 21.2 20.8 10.2 5.1

CEC (cmolc ⁄ kg) 41.2 21.2 21.8 12.6 1.8

Base saturationc (%) 100 100 95 81 12

CEC:C 4.3 12.6 2.4 2.6 0.4

CEC, Cation exchange capacity; aSite labels refer to Table 1; bLeast

significant difference (P < 0.05) calculated from soil composite

samples and corresponding to two spatial replications; cBase

saturation = (Total exchangeable bases ⁄CEC) · 100.
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b-stigmasterol, all of them characterized by the molecular ion

(M+), M+ ) 15, M+ ) (15 + 18), M+ ) 70 and the m ⁄ z
271, 255, 246, 231 and 213 ions, that are common to the

three spectra (Knights, 1967). Other triterpenoids identified

have pentacyclic skeleton, in particular, friedolean-14-in-3-

one (m ⁄ z 133, 204, 300 and M+ 424) was found. Pimaric acid

occurred as traces in samples 2-AF and 2-PS.

The analysis of the series of alkyl homologues (not shown)

suggested enhanced microbial activity after deforestation

(Moucawi et al., 1981), as it could correspond to the removal

of slowly biodegradable woody vegetation. The small

amounts of cyclic diterpene compounds in 2-AF and 2-PS,

which are typical constituents of resins in higher plants

(Gough, 1964), could be explained from the relictual

vegetation or from aerosols released by neighbouring pine

forests. The pimaran-type diterpenoids, which are less stable

than the abietanes, were found in smaller proportions.

Triterpenoids, only found in 2-PS, mainly consisted of

steroidal compounds, that is tetracyclic alcohols of 27, 28 or

29 C atoms by molecule, from animal origin (Puglisi et al.,

2003). Also, triterpenoids with pentacyclic skeleton, widely

distributed in higher plants as constituents of epicuticular

waxes (Walton, 1990) accumulated in 2-PS. In particular, a

possible root-derived triterpenoid with friedelan-14-en-3-one

structure (Naafs, 2004) was detected.

Macromolecular soil organic matter fractions

Figure 3 shows the percentage of the different organic

fractions isolated from the soils (Duchaufour & Jacquin,

1975): free lipids, FOM1, FOM2, inherited humin (Chouliaras

et al., 1975), free FA, HA, FA and humin. The FOM1 varied

between 3 and 38% of total soil C, whereas FOM2 was

between 7 and 74%. Both the C content of FOM1 and FOM2

decreased from forests (1-OF and 2-AF) to deforested areas

(1-CC and 2-PS), whereas the SOM heavy fraction (HAs,

fulvic acids and humin) showed the opposite trend. Physical

protection of particulate OM in deforested soils is suggested

by the values of inherited humin in 2-PS soil. This fraction

was previously suggested by Nierop et al. (2001) as a source of

information on humus variability between grassland and

arable soils. In fact, Skjemstad et al. (2008), in a deforested

Oxisol that has been under continuous pasture for 90 yr,

found that physical protection in microaggregates was one of

the major mechanisms of SOM protection.

A preferential accumulation of comparatively stable SOM

(HAs, FAs and humin, Figure 3) was observed in the

deforested areas compared with the original forests. In fact,

the relative amount of these more stable SOM fractions

represented less than 20% of total soil C in soils from the

original oak forests (17.2 and 15.1% in 1-OF and 2-AF,

respectively), and more than 60% of total soil C in soils from

the deforested sites (83.0 and 60.9% in 1-CC and 2-PS,

respectively). The C content of the stable fractions

(FAs + HAs + humin) in the soil (g C of the fractions per

100 g soil), were fairly constant between 1-OF and 1-CC

(1.63 and 1.39 g C per 100 g soil, respectively), despite the

decrease in soil C content from 9.51% in 1-OF to 1.68% in 1-

CC. In the case of soils 2-AF and 2-PS, the C content of the

stable fractions in the soil increased after conversion of the

original oak forest to pasture, from 1.39 g C per 100 g soil in

2-AF to 2.95 g C per 100 g soil in 2-PS. In these soils, the

decrease in soil C content was less marked than in soils 1-OF

and 1-CC, with 9.21% in 2-AF and 4.85% in 2-PS.

These observations indicate that tillage and ⁄or grazing, in

combination with the change of vegetation from woody to

herbaceous, would imply a greater biodegradability of the

plant residues and a greater proportion of humified fractions

(Nierop et al., 2001). This is in agreement with the results of

Grünzweig et al. (2004), which studied the dynamics of soil C

stocks after conversion of forest soils to agriculture. These

authors observed a loss of soil C during the first 20 yr after

deforestation, attributed to combustion of cleared forest

biomass, decomposition of organic matter and probably

Table 3 Total yield of soil lipidsa, and total abundancesb and ratios

between the different groups of their fatty acids, alkanes, alcohols

and terpenic compounds in soils under forests and cleared

Mediterranean ecosystems

Compounds

Sitec

LSDd1-OF 1-CC 2-AF 2-PS

Total yields of soil lipids 0.04 0.01 0.07 0.03

Total fatty acids 14.8 10.8 36.5 35.6 7.4

Total n-fatty acids 10.5 10.5 33.8 30.4 9.6

Linear:branched fatty acids 2 35 44 16 4

Total non-saturated fatty acids – – 1.9 3.1 0.3

2n:2n + 1 fatty acids 4.0 3.0 5.0 3.0 0.5

>C20:<C20 fatty acids 1.0 1.0 5.0 3.0 0.8

Total alkanes 47.3 33.8 38.8 21.9 5.8

Lineal:branched alkanes – 187 – 4 15

2n:2n + 1 alkanes 7 6 12 4 1

>C20:<C20 alkanes 214 167 241 49 26

Total alcohols 33.6 53.5 22.8 36.5 1.7

Total n-alcohols 32.7 50.8 18.5 28.0 3.7

Total branched alcohols 0.9 2.7 4.3 8.5 1.2

Linear:branched alcohols 37 19 4 3 0.4

Total diterpenoids 0.0 0.0 0.9 0.3 0.02

Total triterpenoids 0.0 0.0 0.3 3.5 0.7

Total abietanes 0.0 0.0 0.8 0.0 0.1

Total pimaranes 0.0 0.0 0.1 0.3 0.1

Total cyclics 0.0 0.0 1.2 3.8 0.1

Total aromatics 0.0 0.0 0.8 0.0 0.01

aExpressed as g of C ⁄ kg soil; bPercentage of the total volatile

compounds in the methylated lipid sample. Chromatographic peaks

representing <0.01% of total volatile products were not taken into

account (symbolized as –); cSite labels refer to Table I; dLeast

significant difference (P < 0.05).
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erosion. However, after this period, an increase in soil C

stocks was observed, this effect was attributed to the low-

tillage frequency, large C inputs from belowground biomass

of herbaceous vegetation and low C losses because of small C

stocks in the original forest soils. In our work, under

comparatively dryer climatic conditions, even when

conversion from forest to agriculture has been carried out

more than 30 yr ago, no increase in soil C storage was

observed. In fact, Hutchinson et al. (2007) indicated that C

losses and gains because of anthropic activity are strongly

dependant on the specific climatic, edaphic and management

conditions of the region. These authors mainly differentiate

between temperate and tropical areas, indicating management

strategies to improve C storage in soils. In temperate regions,

reduced bare fallow, as well as tillage intensity and frequency,

increased use of forages in crop rotations, better crop residue

management and agroforestry adoption are the recommended

alternatives, whereas in the tropics agroforestry is the

primary method suggested. Thus, and as it is observed in our

results, conversion from forest to pasture (2-PS vs. 2-AF)

would be more favourable to C sequestration than conversion

to crops involving periodical tillage (1-CC vs. 1-OF, in our

study).

Routine analyses of the humic acids

In Table 4, data of the elemental analysis of HAs and the

visible spectroscopy indices are presented. The H:C and O:C

ratios were lower in 1-CC than in 1-OF (HAs from oak

OH
Alkane 2-AF 4 23

FAME 18 FAME 20
3 Alcohol

20 Alkane 31 FAME 28
51 O 6

O Alcohol 
Alkane 3328 2

HOO FAME 30
OO FAME 29

FAME 19

2-PS Alkane 31Alkane Alkane Alcohol 23 FAME 2821 FAME  20
18 FAME 20 6FAME 87Alcohol O218:1 928 

HO
HO HOO

OO

33 34 35 36 37 38 39 40 58 60 62 64 66 68     min

Figure 2 Main terpenic compounds identified in soil lipid fraction chromatograms obtained by Pyrolysis-GC-MS of humic acids. 2-AF, ash

forest; 2-PS, deforested neighbouring pasture; 1, dehydroabietane; 2, methyl pimarate; 3, dehydroabietal; 4, ferruginol; 5, totarol methylether; 6,

cholesterol (cholest-5-en-3b-ol); 7, ergost-5-en-3b-ol (24b-methylcholesterol); 8, b-stigmasterol (stigmasta-5,22-dien-3b-ol); 9, D-friedelan-14-en-3-

one; FAME 18, Fatty Acid Methyl Ester, octadecanoic acid; FAME 18:1, Fatty Acid Methyl Ester, octadecenoic acid; FAME 19, Fatty Acid

Methyl Ester, nonadecanoic acid; FAME 20, Fatty Acid Methyl Ester, eicosanoic acid; FAME 28, Fatty Acid Methyl Ester, octacosanoic acid;

FAME 29, Fatty Acid Methyl Ester, nonacosanoic acid.
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Figure 3 Distribution of total carbon in the different soil organic

fractions (%C respect to total soil C). 1-OF, seminatural evergreen

oak forest; 1-CC, deforested evergreen oak forest used for cereal

cultivation; 2-AF, ash forest; 2-PS, deforested neighbouring pasture;

FOM1, free organic matter with density <1.2 g ⁄ cm3; FOM2, free

organic matter with density 1.2–1.8 g ⁄ cm3; IH, inherited humin;

FFA, free fulvic acid; FA, fulvic acid; HA, humic acid.
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forest), indicating a more advanced humification stage. The

E4:E6 ratio was smaller in HAs in cultivated soil (1-CC) than

in oak forest (1-OF), probably reflecting a high degree of

condensation of the aromatic domain, which coincided with

the results obtained by elemental analysis. This coincides with

the results of Schnitzer et al. (2006), who described enhanced

aromaticity in soils as a result of long-term cultivation. The

spectroscopic analyses of the HAs also showed increased

aromaticity after deforestation (reflected in the E4 value) and

concentration of fungal quinoid pigments (particularly

evidenced in the 620 nm peak).

In Table 5, the signal intensity values and ratios between

groups of compounds of the CPMAS 13C NMR spectra of

the HAs are presented. The 13C NMR spectra confirmed that

HAs from soil under crop (1-CC) had greater oxidation (160–

220 ppm) and aromaticity (110–160 ppm) than in the control

oak forest (1-OF).

The atomic H:C ratio, inversely related to the aromaticity,

suggests that in deforested soils an intense maturation of the

HAs takes place, this would correspond to an acceleration of

the biogeochemical cycle. The visible spectroscopy yields

additional data on degree of condensation and aromaticity

(Stevenson, 1982). It has been observed that the optical

density of humic substances tends to increase during the

humification process and degree of aromaticity (Kononova,

1982; Traina et al., 1990). Hence, some trend to higher E4

intensity, as well as a decrease in the E4:E6 ratio, would

suggest an increase in both the aromaticity (Traina et al.,

1990) and the molecular size (Chen et al., 1977), which could

be an effect of progressive humification of SOM. The

increased values of E4 in both deforested sites are in

agreement with the results of the atomic ratios, and suggest

accumulation of HA with increased maturity; this could also

correspond to preferential biodegradation of the aliphatic

domain. Also, the 13C NMR spectra confirmed aromatic

enhancement in deforested soils (1-OF and 1-CC), in

agreement with Nascimento et al. (1992). Similar results were

obtained by Quénéa et al. (2006), who reported an increase in

the accumulation of the refractory organic macromolecular

fraction in deforested soils under continuous maize crop,

partly as a result of selective elimination of aliphatic

constituents of plant biomass probably induced by

agricultural use.

Degradation methods

Up to 92 major compounds (i.e. those representing at least

0.01% of the total ion chromatographic area) were identified

after the perborate degradation (Table 6), their relative

yields showing large amounts of a,x-alkanedioic acids and

fatty acids.

Alkanes were missing and aliphatics represented more than

a third of the total degradation compounds. The aromatic

series included major fractions of phenolic and

benzenecarboxylic acids, amounting to up to 60% of the total

degradation products in 1-CC, where the highest value was

observed. The benzenecarboxylic:phenolic ratio increased

after deforestation from 0.5 (1-OF and 2-AF) to 0.7 (1-CC

and 2-PS), indicating progressive oxidation of aromatics.

Table 4 Elemental composition (ash-free), ratios between the

concentration of the different elements and visible spectroscopy

values of humic acids from soils under relictual forests and derived

agroecosystems

Sitea

LSDb1-OF 1-CC 2-AF 2-PS

Elemental analysis

C (g ⁄ kg) 530 544 541 531 5.0

H (g ⁄ kg) 55 53 65 61 6.0

N (g ⁄ kg) 37 45 44 41 1.0

O (g ⁄ kg) 377 359 351 368 8.0

C:N 14.3 12.1 12.4 12.9 0.04

Atomic H:C 1.23 1.18 1.43 1.37 0.01

Atomic O:C 0.53 0.49 0.49 0.52 0.0

Visible spectroscopy (absorption units)c

E4 1.09 1.97 0.76 1.00 0.06

E4:E6 6.03 4.16 4.95 4.66 0.52

Intensities of the valleys in the second derivative of the spectra

(absorption units)d

455 nm 0.006 0.015 0.009 0.019 0.003

530 nm 0.009 0.015 0.007 0.008 0.005

570 nm 0.007 0.013 0.006 0.009 0.003

620 nm 0.009 0.014 0.008 0.014 0.003

aSite labels refer to Table 1; bLeast significant difference (P < 0.05);
cE4 = extinction at 465 nm [0.2 mg of carbon per cm3], E4:E6 =

ratio of extinction at 465–665 nm; dObtained using 0.1 mg of carbon

per cm3 humic acids solutions.

Table 5 Relative amounts (%) of total signal intensity and ratios

between spectral areas for the main regions of the 13C NMR spectra

of humic acids from soils under relictual forests and derived

Mediterranean agroecosystems

Sitea

LSDb1-OF 1-CC 2-AF 2-PS

Alkyl region (0–46 ppm) 25.3 22.2 30.1 27.7 4.8

O-alkyl region (46–110 ppm) 39.3 35.7 38.7 42.8 4.3

Aromatic region (110–160 ppm) 24.3 29.5 21.1 20.7 3.2

Carbonyl region (160–220 ppm) 11.2 12.6 10.1 8.8 1.3

Ratios

Alkyl:Aromatic 1.0 0.8 1.4 1.3 0.4

O-Alkyl:Alkyl 1.6 1.6 1.3 1.5 0.1

O-Alkyl:Aromatic 1.6 1.2 1.8 2.1 0.2

Carbonyl:Aromatic 0.5 0.4 0.5 0.4 0.03

aSite labels refer to Table 1; bLeast significant difference (P < 0.05).

Anthropic impact in Mediterranean forest soils 327

ª 2010 The Authors. Journal compilation ª 2010 British Society of Soil Science, Soil Use and Management, 26, 320–331



The analysis of the series of alkyl homologues suggested

the breakdown of hydroxyacid constituents of plant aliphatic

biomacromolecules, such as cutins and suberins (Almendros

& Sanz, 1991). The significant increase in the deforested soils

of the benzenecarboxylic:phenolic ratio could be interpreted

as active oxidation of lignins, with the higher aromaticity

being observed in 1-CC. In the case of the oak forest

transformed into cereal crop (1-CC), the amount of alkyl

compounds changed significantly; the relative abundances of

a,x-alkanedioic acids decreased and that of fatty acid

increased.

Pyrolysis-GC ⁄MS study

The main pyrolysis products from the HAs were

methoxyphenols (5.2–19.2%, Table 7) with characteristic

substitutions indicating a lignin origin. Other pyrolysis

products were alkylbenzenes, phenols, alkylphenols, n-

alkanes, n-alkenes, fatty acids and steroids. A conspicuous

series of C3–C6 alkylbenzenes was predominant. Indene, C1–

C3 alkylindenes, naphthalene and C1–C3 alkylnaphthalenes

were also present in the pyrolysates. In addition to fatty acids

of linear chain, the presence of iso- and anteiso-pentadecanoic

acids and oleic acid has been recognized.

As opposed to perborate degradation, pyrolysis is not

suitable to detect changes in the carboxyl content, as

it produces decarboxylation and does not yield

benzenecarboxylic acids. Nevertheless, pyrolysis is considered

to be a technique highly responsive to the substitution

patterns in lignin units (Martin et al., 1979). In addition, all

pyrograms presented a series of doublets of n-alkanes and

alkenes, confirming the high aliphatic character of the HAs

found in the 13C NMR analysis. In some cases, it has been

proposed that the origin of this aliphatic domain in HAs is

from new macromolecules, non-saponificable and highly

aliphatic, mainly from plant cuticles (Nip et al., 1986; de

Leeuw & Largeau, 1993). These macromolecules would

display pyrograms characterized by a series of alkanes and

alkenes (Saı́z-Jiménez & de Leeuw, 1986, 1987; Augris et al.,

1998), their contribution to the structure of humic substances

being proposed by Tegelaar et al. (1989) and Kögel-Knabner

et al. (1992). Pyrolysis results also coincide with those from

perborate degradation as regards the decreased yields of

lignin-derived methoxyphenols in deforested soils.

Conclusions

Perborate degradation provides information on the amounts

of the different C forms accumulated in soils in the long term,

whereas free soil lipid fractions included signature

compounds suggesting changes in organisms and processes

after deforestation (Jandl et al., 2007). Perborate degradation

yielded large amounts of alkyl compounds with chain lengths

suggesting an origin from unsaturated lipid material or

hydroxyacid constituents of cutins and suberins characteristic

of underground plant biomass prevalent in grassland soil.

This technique is especially useful for detecting the extent of

oxidation through the yield of benzenecarboxylic acids. On

the other hand, analytical pyrolysis supplies the specific

information on changes in demethoxylation of lignin-derived

Table 6 Total abundancesa and ratios between different groups of

NaBO3-degradation products of humic acids

Compounds

Siteb

LSDc1-OF 1-CC 2-AF 2-PS

Total fatty acids 8.6 12.5 10.2 7.3 1.5

Total n-a,x-alkanedioic acids 18.6 12.6 25.2 26.8 7.8

Total a,x-alkanedioic acids 21.7 15.0 29.4 30.2 3.0

Total phenolic acids 25.9 31.5 24.7 25.2 4.3

Total benzenecarboxylic acids 13.1 21.8 13.0 17.0 1.7

Total aromatics 45.8 60.3 46.4 49.6 7.6

Total aliphatics 36.8 31.4 45.7 44.1 6.6

Benzenecarboxylic:phenolic 0.5 0.7 0.5 0.7 0.2

Aliphatic:aromatic 0.8 0.5 1.0 0.9 0.08

Aliphatic:phenolic 1.4 1.0 1.9 1.8 0.2

Aliphatic:benzenecarboxylic 2.8 1.4 3.5 2.6 0.2

Fatty acids:a,x-alkanedioic acids 0.4 0.8 0.3 0.2 0.04

Syringil compounds 1.5 2.0 2.9 1.5 0.4

Guaiacyl compounds 12.5 9.9 11.4 12.1 1.2

Syringil:Guaiacyl 0.1 0.2 0.3 0.1 0.02

aPercentages of the total volatile methylated degradation products of

the HAs. Chromatographic peaks representing <0.01% of total

volatile products were not taken into account; bSite labels refer to

Table 1; cLeast significant difference (P < 0.05).

Table 7 Total abundancesa of the different groups of compounds

identified by analytical pyrolysis from soils under relictual forests

and derived Mediterranean agroecosystems

Compounds

Siteb

LSDc1-OF 1-CC 2-AF 2-PS

Total phenols 22.3 7.1 19.9 15.7 2.0

Total alkylbenzenes 9.1 3.2 18.1 2.7 2.8

Total naphthalenes 1.4 0.2 0.5 0.6 0.1

Total indenes 1.2 0.4 0.4 0.7 0.1

Total guaiacyl compounds 12.2 4.0 9.5 8.7 0.8

Total syringyl compounds 7.4 1.2 5.3 4.3 0.6

Total methoxyphenols 19.2 5.2 14.1 12.4 1.1

Total steroids 0.0 0.0 0.0 0.2 0.04

Total alkanes 2.6 1.0 3.0 5.1 0.9

Total alkenes 2.1 0.7 3.3 2.9 0.3

Total fatty acids 4.7 1.2 3.9 6.7 0.7

aPercentage of the total chromatographic area. Chromatographic

peaks representing <0.01% of total volatile products were not taken

into account; bSite labels refer to Table 1; cLeast significant

difference (P < 0.05).
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structures after deforestation, which helps us to understand

the biogeochemical enhancement induced by the removal of

the original forest, which not only leads to decreased SOM

levels but to increased diagenetic transformation of plant

biomacromolecules. This coincides with the results from

classical wet chemical fractionation, which suggested

increased organo-mineral interaction and an enhancement in

the amount of macromolecular humic fractions, as well as a

concomitant relative decrease in the particulate, fairly well-

decomposed SOM fractions. Qualitative changes in free lipid

assemblages were also observed in the cyclic structures;

whereas in 2-AF forest soil, there was a series of

hydrocarbons and diterpene resin acids inherited from woody

plants, the probable origin of most of the SOM in pastured

soil 2-PS was shown by typical signature lipids of animal

origin and from underground plant biomass, which is a major

source of organic matter in rhizogenic humus under

grassland. The generally reduced chain length of the alkane

molecules suggest that these changes could be attributed to an

enhancement of microbial activity. Structural inferences

based on molecular proxies could benefit from the use of non-

destructive or mild degradation methods (NaBO2ÆH2O2) that

minimize the breakdown of aliphatic structures. This could be

used to assess recent environmental impacts associated with

changes in land use and management. In particular, the

present multi-analytical approach helps us understand the

changes in quality and quantity of SOM after forest clearing.
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Saı́z-Jiménez, C. & de Leeuw, J.W. 1986. Chemical characterization

of soil organic matter fractions by analytical pyrolysis-gas

chromatography-mass spectrometry. Journal of Analytical and

Applied Pyrolysis, 9, 99–119.
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