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Abstract
The composition of lipids in soil offers clues to soil degradation processes due their persistency and selectivity in soil, and close
relation to long-term processes in the ecosystem, thanks to their role in cell membranes of organisms. Organic solvent-extractable
compounds were recovered from soils collected at two sites differing in the degree of forest damage. Gas chromatography/mass
spectroscopy and Fourier transform infrared spectroscopy were applied in order to characterize solvent-extractable lipids. Raman
spectroscopy was also applied as it provides distinct advantages for determining the structural order of carbonaceous materials.
The organic matter measurement techniques were combined with an established simultaneous multi-element measurement
technique. Variations in individual soil horizons from the sites were reflected in the crystallinity of epicuticular waxes, presence
of long-chain aliphatic hydrocarbons, concentrations of n-alkanes, saturated and unsaturated fatty acids, dicarboxylic acids, and
in the content of aromatic structures, hydroxyl, ester, and carboxylic acid groups. The results are explained by differently
transformed organic matter. The concentrations of elements in the soils were also affected by atmospheric depositions, including
higher accumulations of arsenic and antimony, and lower contents of natural nutrients. These data have potential to be used as
sensitive biogenic indicators of ecosystem damage by long-term atmospheric depositions.

Keywords Soil lipids . Fatty acids . Soil organic matter . Spectroscopy . Chromatography

Introduction

Since the middle of the twentieth century, industrial expansion
has generated emissions containing increasingly high levels of
sulfur dioxide and nitrogen oxides. Acidic precipitations have

become a serious issue across most of Europe, including the
Czech Republic. The Czech–Polish–German border region,
known as the “Black Triangle,” has been severely affected
by industrial activities including the extraction of coal re-
sources and power plants. Topography has favored the occur-
rence of prolonged inversion events, and this led to air con-
tamination, deposition of pollutants, and soil and water acid-
ification (Blažková 1996). Forest stands exposed to acidic
clouds and fog resulted in large-scale dieback of spruce trees.
In the early 1990s, application of modern technologies, desul-
furization of coal power plants, and the use of fuel with low
sulfur and nitrogen contents caused a considerable reduction
in anthropogenic emissions in the area. There is thus a unique
opportunity to compare sets of affected material obtained in
1990s with recently sampled material. The presented investi-
gation is the first step in the aim to see aspects that are related
to soil changes in an extremely polluted forest ecosystem after
a long-term period of efficient pollution control.

Biochemical processes on a plant’s surface vary due to the
molecular composition of leaf waxes (Nierop et al. 2005;
Hoffmann et al. 2013; Bush and McInerney 2015), and
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chemical transformation processes contribute to waxes degra-
dation in soils (Rushdi et al. 2016). Acid deposition and an-
thropogenic stress caused by emissions from industry or traf-
fic are one of the major global processes that can affect terres-
trial biogeochemical cycles and hence plant primary produc-
tivity, plant root biomass allocation and associated microbial
decomposition. And thereby the composition of soil matter is
modified (Norby and Luo 2004; Drissner et al. 2007; Gleixner
2013).

Soil is the largest terrestrial pool of organic carbon, com-
posed of an admixture of a mineral phase and organic matter
originating from remnants of plants, animals, and microorgan-
isms at different stages of decomposition and with highly di-
verse structures. The essential components of plants, and
hence of soil, are lipids. In general, plant lipids include deriv-
atives of fatty acids, aromatic and hydrocarbon-like com-
pounds (sterols, carotenoids, and terpenes), and waxes. The
solvent-extractable lipids account for up to 10% of the total
soil organic carbon (Riederer et al. 1993; Otto et al. 2005;
Christie and Han 2010). The content and distribution of lipids
in soil organic matter is dependent on the type of overlying
vegetation and its characteristic molecular properties
(Wiesenberg et al. 2005; Jansen and Wiesenberg 2017; Li
et al. 2018). Lipids are interesting in this context because this
fraction of soil organic matter (i) is relatively persistent in soil,
(ii) is readily and selectively extractable, (iii) is analyzable by
instrumental methods, (iv) can vary in chemical composition,
and (v) is in close relation with long-term processes in the
ecosystem due to roles of lipids in cell membranes of
organisms.

Solvent-extractable lipids are a heterogenous group of
compounds that include alkanes, alcohols, and carboxylic
acids (fatty, dicarboxylic, diterpenoid, hydroxy, free or ester
linked) (Graber and Tsechansky 2010). Comparing a number
of studies, molecular proxies deriving from solvent-
extractable lipids have been assessed using n-alkane and n-
fatty in soils (Maffei et al. 2004; Schäfer et al. 2016; Jansen
and Wiesenberg 2017). Several indicators and compound ra-
tios have been developed to assess sources of organic matter
and degradation: total lipid concentration carbon preference
index (CPI), odd-over-even predominance for n-alkanes, and
even-over-odd predominance for n-fatty acids (Bray and
Evans 1961; Scalan and Smith 1970; Otto and Simpson
2006; Zech et al. 2009).

Although a number of case studies describe local sources
of pollution in the studied area, little is known about how soil
carbon responds to environmental changes, and how lipids are
preserved and/or degraded within soil. In this study, solvent-
extractable lipids obtained from two different profiles were
analyzed. Content of elements was also determined in the
studied extracts of lipids to check the soil extracts quality
based on elements composition and their quantities. One of
major anthropogenic contamination of heavy metal in the

environment is fossil fuel combustion, and the investigation
provides other useful information on the soil pollution. We
studied whether solvent lipids in soil horizons could be used
to distinguish between two sites differing in the degree of
forest damage. The aims of this paper were (a) to study the
molecular composition of lipids as plant input tracers; (b) to
determine the impact of anthropogenic pollution on com-
pound composition; (c) to supplement organic compound pro-
files with the distribution of trace elements; (d) to evaluate the
results as possible biogenic indicator parameters of forest eco-
system damage resulting in the death of part of trees, change
of vegetation cover, waterlogging of the site with subsequent
changes in soil profile.

Material and methods

Site description and soil sampling

Two neighboring study sites Alžbětínka andMumlavská hora,
differing in the degree of forest damage, were located in the
western part of The Giant Mountains National Park (Fig. 1).
The GiantMountains form the north-eastern part of the “Black
Triangle” border region, affected by the destruction of forest
ecosystems by high levels of pollution (e.g., sulfur deposition
in 1985 was > 2500 mg m−1 a−1) (Kolář et al., 2015). The
higher levels and persistent occurrence of pollution led to acid
deposition (from both sulfur and nitrogen compounds) and
extensive forest decline increased sharply after approximately
1960 until the 1990s (Vávrová et al. 2009), with most damage
occurring in high-elevation conifer ecosystems. Norway
spruce (Picea abies) stand canopy cover was in the year
1996 35% (Alžbětínka) and 5% (Mumlavská hora), respec-
tively (Chumanová-Vávrová et al., 2015). Ground vegetation
development shifted from prevailing mosses and vegetation-
free sites covered with spruce litter to dominance by Avenella
flexuosa during the earlier period of massive spruce decline.
Significant reduction of sulfur deposition (from 50–80 to 26–
36 kg ha−1 year−1) occurred between years 1994 and 1996.
Less pronounced decrease followed between 1998 and 2000
(from 30–35 to 6–10 kg ha−1 year−1) (Vacek et al., 2013). This
reduction of immissions has resulted in interruption of the
large-scale dieback of spruce stands and has allowed slow
regeneration of surviving trees which resulted in a shift in
ground vegetation composition (Vávrová et al. 2009).

The Mumlavská hora stand (50° 47′ 45″ N, 15° 28′ 11″ E,
1190 m a.s.l., bedrock granite, stand age 180 years) is located
on the mountain ridge; the spruce forest, heavily damaged by
acid rain before the end of the twentieth century (Drda, 1994),
is represented by a limited number of Norway spruce trees
(only 3% of spruce trees survived); plant cover is dominated
by purple moor grass and blueberry (Molinia caerulea,
Vaccinium myrtillus, and Sphagnum spp.). Gleyed, humic,
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and histic podzols prevailed on the compact coarse-grained
granite, shallow organosol appeared sparsely.

The forest cover in the nearby Alžbětínka stand (50° 45′
35″ N, 15° 31′ 21″ E, 1220 m a.s.l. bedrock granite, stand age
200 years) is relatively well-preserved (with 46% of living
trees). The vegetation cover was dominated by Picea abies,
Deschampsia flexuosa, Athyrium distentifolium, and
Calamagrostis villosa. Soil characteristics are given in
Table 1. Podzol soil types (peat, gleyed) developed on the
deluvium from granite bedrock occur in the Alžbětínka stand,
where soil characteristics are little affected by forest decline.
There was no intense peat formation nor waterlogging, in

contrast to Mumlavská hora where waterlogging was caused
by reduced evapotranspiration and reduced evaporation of
precipitation catched on the surface of spruce needles.

The biogeographic conditions at the studied stands, termed
arctic–alpine tundra, are characterized by frequent weather
changes and long, extremely cold, and damp winters with
abundant snow cover (Hejcman et al., 2006). The lowest mean
temperatures are observed in January, and the warmest months
are June and August. Mean annual precipitation sum is 1340
(Alžbětínka) and 1420 mm (Mumlavská hora), respectively.
The highest precipitation occurs in July and the lowest in
spring. A continuous snow cover persists from November to

Table 1 Basic characteristics of soils and soil extracts. Base saturation (BS); total organic carbon content in soil (TOC); pH of soil (soil:water ratio 1:5);
extracted organic matter in dry soil (EOM); content of elements in extracts (C, H, N, S, O)

Sample Soil horizon Depth (m) BS (%) Soil TOC (%) pH (H2O) EOM (%) %Ca %Ha %Na %Sa %Oa

Alžbětínka A1 Ol 0.00 - 0.01 44.1 – 5.24 70.2 8.6 1.0 0.2 20.0

A2 Of 0.01–0.08 19 41.9 3.4 4.66 69.2 8.5 1.1 0.2 21.0

A3 Oh 0.08–0.20 16 3.1 3.3 4.01 70.8 9.1 0.7 0.2 19.2

A4 A/E 0.20–0.25 9 3.8 4.0 0.28 70.2 9.4 0.8 0.1 19.5

A5 E(A) 0.25–0.40 6 1.7 4.6 0.26 71.0 9.2 0.8 0.1 18.9

A6 Bsh/s 0.40–0.72 15 0.7 4.7 0.07 68.8 9.2 1.2 0.1 20.7

Mumlavská Hora H1 Of 0.03–0.08 43.8 4.0 3.75 71.4 9.3 0.8 0.2 18.3

H2 Om 0.08–0.15 12 31.2 3.8 4.07 72.6 9.0 0.8 0.2 17.4

H3 Oh 0.15–0.30 6 2.1 3.7 4.38 72.5 10.2 0.6 0.2 16.5

H4 E 0.45–0.55 4 3.3 4.3 0.11 71.9 9.9 0.5 0.1 17.6

H5 (E)/B 0.55–0.65 7 1.3 4.4 0.09 74.4 9.6 0.7 0.1 15.2

H6 Bsh/Bs 0.85 12 0.8 4.5 0.04 74.5 10.5 0.8 0.1 14.1

a Dry basis

Fig. 1 Location of the
Mumlavská hora and Alžbětínka
study sites on the edge of the
Black triangle area
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the beginning of May, and the mean snowpack thickness
reaches of approx. 1.8 m. The main ridge is strongly exposed
to winds, blowing predominantly from the west or southwest
(Kolář et al., 2015). At both locations, the soil moisture regime
is humid and the temperature regime is cold. The mean annual
air concentration of SO2 on stands in 1991 was 30
(Mumlavská hora) and 26 μg m−3 (Alžbětínka), respectively
(Peter et al. 2008). The more damaged Mumlavská hora stand
had a lower base saturation of the upper soil horizons and was
more influenced by acid rain than Alžbětínka site. Other de-
scriptions of the studied stands were presented by Peter et al.
(2008).

Soil samplings were performed in the year 1996
(Mumlavská hora) and 1998 (Alžbětínka). A soil pit
(0.8 m L × 0.5 m W× 1.2 m D) was dug at the Mumlavská
hora and Alžbětínka stands, and samples were taken from: the
organic horizons (O) (litter (Ol), fermentation horizon (Of),
humus (Oh), and mesic (Om); from the surface humic horizon
(A); from the eluvial horizon (E); the subsurface horizon (B)
(with accumulation of translocated simple organic com-
pounds, Bh); aluminum or iron (Bsh). The soil horizons were
distinguished according to the presence of diagnostic proper-
ties (Shoeneberger et al. 2002; IUSS Working Group WRB
2007). Samples were air dried at room temperature for approx-
imately 14 days, thoroughly mixed, sieved (< 2 mm), and
stored at 0 °C.

Lipid extraction and analysis

Soil pH (in water) and Ca,Mg, K, and Na (extracted with 1M-
ammonium acetate and determined by atomic absorption
spectrophotometry) were determined (Miller et al., 2013).
Base saturation (BS) (the percentage of the soil exchange sites
occupied by basic cations) was calculated as the sum of ex-
changeable Ca, Mg, K, and Na. Total organic carbon (TOC)
determination of ground soil samples was performed by re-
moving inorganic carbon using hydrochloric acid at an elevat-
ed temperature and subsequent quantitative carbon
determination.

Soxhlet extraction of soils was carried out for 8 h with a
mixture of ethanol:benzene 1:1 (v/v) usingWhatman cellulose
thimbles with 100 g of soil. Extracts were concentrated, dried
and used for gas chromatographic/mass spectrometric (GC/
MS) analysis (Locatelli et al., 2019; Peters et al., 2005).

For GC/MS analysis, extracts were methylated with boron
trifluoride (14% in methanol) (Harmanescu 2012).
Esterification was carried out at 70 °C for 3 h. The lipid or-
ganic phase was separated and analyzed. Lipid constituents
were identified as methyl esters using a Trace Ultra - DSQ II
(ThermoScientific, USA) instrument equipped with a capil-
lary column and a fixed stationary phase DB 5 (30 m ×
0.25 mm × 0.25 μm film). The GC oven was heated from
37 °C (3 min) to 100 °C at a rate of 10 °C min−1 and then to

300 °C (8 min) at a rate of 10 °C min−1. Helium was used as
the carrier gas. Mass spectra were recorded at EI 70 eV from
40 to 500 amu in full scan mode. Chromatograms and mass
spectra were evaluated using the Xcalibur software
(ThermoElectron, UK). Identification of organic compounds
was based on comparison of spectra with those from the
National Institute of Standards and Technology mass spectral
library. The quality of soil organic matter was assessed by the
geochemical ratio CPI based on the content of n-alkanes in the
extracts: CPI = [(n-C25 + 27 + 29 + 31 + 33)/(n-C24 + 26 + 28 + 30 +

32) + (n-C25 + 27 + 29 + 31 + 33)/(n-C26 + 28 + 30 + 32 + 34)]/2 (Bray
and Evans, 1961).

Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectra of bulk lipids were collected on a
Nicolet 6700 FTIR (Thermo Nicolet Instruments Co., USA)
with a N2 purging system. Spectra were acquired using a sin-
gle reflection ATR Pike Technologies GladiATR accessory
equipped with a single-bounce diamond crystal (angle of in-
cidence 45°). A total of 64 scans were averaged for each
sample and the resolution was 2 cm−1. The spectra were ra-
tioned against a single-beam spectrum of the clean ATR crys-
tal and converted into absorbance units by ATR correction.
Data were collected in the range 4000–400 cm−1. Due to the
fact that the spectra differed mainly in intensities of some
bands, some structural semi-quantitative parameters were cal-
culated: ratio I2917/I2955 was used to determine the length of
the aliphatic chains using band intensities of methylene and
methyl groups, ratio I1512/I2917 was used to specify aromatic-
ity, ratio I3345/I2917 was applied to determine the relative pro-
portion of hydroxyl groups, and the content of ester C=O
bonds (I1735/I2917) and carboxyl groups (I1711/I2917) was also
estimated (Lin and Ritz 1993; Coward 2010). FTIR (and
Raman) spectroscopy proved the presence of methyl and
methylene groups of long aliphatic chains, and the splitting
of the CH2 scissoring and rocking modes was indicative of an
orthorhombic crystal structure of the hydrocarbon chains. The
parameter I730/I720, using the area of bands at 730 and
720 cm−1, was designed to determine the crystallinity (the
degree of structural order) of plant epicuticular waxes
(LeRoux 1969).

Fourier transform Raman (FT-Raman) spectra were obtain-
ed using the Nicolet 9600 spectrometer with the Nicolet
Raman module 32B (Madison, WI) and HeNe laser with a
maximum power of 2.0 W. The system was equipped with
an InGaAs (Indium-Gallium Arsenide) detector, a CaF2
beam-splitter and a fully motorized sample position adjust-
ment feature. The very low laser output power of 0.01–
0.5 W used for analysis was low enough to prevent possible
laser induced sample damage yet provided a high signal-to-
noise ratio. Data were collected at 4 cm−1 resolution with 1024
scans. Spectra were obtained in the Raman shift range be-
tween 400 and 3700 cm−1. The system was operated using
OMNIC software (Version 9.2, Thermo Fisher Scientific).
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The elemental composition of bulk lipids was determined
using a carbon, hydrogen, nitrogen, sulfur micro-analyzer
(Thermo Finnigan Flash EA 1112, Italy). Other elements of
bulk lipids were assayed by instrumental neutron activation
analyses (INAA). Irradiations for INAA were carried out in
the LVR-15 experimental nuclear reactor of the Řež Research
Centre. A detailed description of the analytical procedures can
be found in Mizera and Řanda (2010).

Quality assurance

Blank extraction samples, duplicate samples, and certified ref-
erence materials were processed along with the samples.
Solvents of pesticide grade were purchased from Analytika
(Prague, Czech Republic).

Repeated acquisitions on the crystals using the highest
magnification (× 50) were accumulated to improve the signal
to noise ratio of the Raman spectra. FTIR spectra were proc-
essed with ATR correction. All molecular markers in GC/MS
were identified by retention times and the mass spectral quan-
tification ions of detected compounds. To quantify these com-
pounds, a solution of 5α(H)-androstane (Dr. Ehrenstorfer
GmbH, Augsburg, Germany) in dichloromethane was added
as an internal standard.

To evaluate the precision of the analysis, three replicates of
samples were analyzed, and the standard deviations of the
replicates were calculated (Supplementary Material S1). In
assessing repeatability (precision), the relative standard devi-
ation for certified reference soil material METRANAL9
(Analytika, Prague, Czech Republic) was shown to be in the
range 1.8–6.4%.

The accuracy of the INAA measurements was tested by
analysis of certified reference materials (NIST Standard
Reference Materials), namely SRM-2711Montana Soil (devi-
ation <10 rel.%). The principal component analysis—
multivariate statistical analysis method—was applied on total
element values for soil samples using the Statistica 10.0 pack-
age software, to evaluate the samples and to illustrate element
sources.

Results

Total organic carbon (TOC) in soil samples ranged from 44%
in the top-soil to 1% in the subsurface horizons (Table 1). A
significant decrease in TOC was observed between the O-
horizons and the A/E horizons for both sites with an additional
decrease observed for the E/B boundary, which may have
been due to a decrease in the number of roots (Naafs et al.
2004). The pH values of both soils were acidic throughout the
horizons, ranging from 3.3 to 4.7, which have been caused by
several influences: high elevation area, forest soils, and the
effect of lignite mining and burning of materials containing

pyritic components (iron and sulfur or sulfur oxides). High
precipitation also can cause leaching of base-forming cations
and the lowering of soil pH (McCauley et al. 2017). The acidic
character of soil horizons was in agreement with the low base
saturation in soil (Table 1) when the acidic cations adsorbed
on the negatively charged surfaces of soil clay and organic
particles caused deprivation of non-acid cations (Ca2+,
Mg2+, K+, Na+).

The greatest contribution of extractable organic matter to
TOC was revealed in Oh (Table 1) and can be explained by an
input of organic compounds from litter layers and advanced
decomposition of humic material. The decrease in lower ho-
rizons was due to selective biodegradation of organic com-
pounds from litter layers and their lower input from roots,
connected with lipid transfer into macromolecular and
organo-mineral complexes.

In the soil extracts (EOM), the carbon contents were high
and the other elemental composition of organic matter differed
only slightly within profiles. Elements Na, K, As, Sb, Fe, Se,
Co, and Zn were also identified in the organic extracts. The
principal component analysis, using total element concentra-
tions of the both stands, revealed that 76.7% of the dispersed
variable could be assigned to two factors (Fig. 2): factor 1
groups Na, K, Fe, and Co; factor 2 groups Se, As, and Sb with
positive loadings, and Zn with negative loadings. This indi-
cates that the distribution of the elements in organic extracts is
affected by their sources, eluviation/illuviation and bioavail-
ability (Beone et al. 2018).

FT-Raman spectroscopy was applied to total lipid extracts
so as to determine the structural order of carbonaceous mate-
rials (Parikh et al. 2014). However, spectra of soil extracts
showed significant fluorescence, mainly in extracts from the
upper organic O-horizons having the strongest biological trace
(high content of organic matter). Prominent intense features
between 3000 and 2800 cm−1 (not shown) can be assigned to

Fig. 2 Principal component analysis for the soil extracts. Total element
concentrations of the both stands were used
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vibrations of aliphatic C-H bonds. The spectral region 1800–
600 cm−1 was dominated by an intense sharp peak at
1295 cm−1 belonging to deformation twisting vibrations of
methylene groups in structures with long aliphatic chains
(Fig. 3a, Table 2). Aliphatic structures were also confirmed
by the deformation vibrational bands δ(CH2) at 1460, 1439,
and 1418 cm−1. A triplet at 1124, 1083, and 1062 cm−1

belonged to the stretching vibration of C-C bonds. The pres-
ence of aromatic structures was shown by bands of weak
intensity at 1630 and 1605 cm−1 belonging to the stretching
vibrations of C-C bonds in aromatic rings. A broad and com-
plex feature at 890 cm−1, consisting of three bands at 914, 891,
and 867 cm−1, could belong to the stretching vibrations ν(C-
C) and ν(CCO); however, in this region, bands of plane C-H
vibrations in aromatic structures could also be represented. A
small band at 1365 cm−1 was one of antisymmetric deforma-
tion vibrations of methylene groups. The presence of carbonyl
groups in esters showed a band of very low intensity at
1742 cm−1.

In the ATR-FTIR spectra of bulk lipid extracts, sharp
intense stretching vibrational bands of C-H bonds domi-
nated in the region 3000–2800 cm−1, similar to the
Raman spectra. Using the second derivative and curve-
fitting of the spectra, seven bands that were due to vibra-
tions of the methyl, methylene and methine groups, and
methoxy groups were found (Fig. 3b, Table 2). The defor-
mation vibrations of aliphatic C-H bonds were represented
by intense deformation doublets of scissor vibration and
rocking at 1472/1464 cm−1 and 730/720 cm−1. The band
at 1415 cm−1 belonged to the deformation vibration of a
methylene group adjacent to a carboxyl group. A slightly
intense band at 1378 cm−1 (Fig. 3b) was attributed to the
symmetric deformational vibration of methyl groups. In
the spectral region 1345–1180 cm−1, a number of bands
of relatively low intensity were found, having a periodicity
value at the peak position. This series of bands is usually
observed in the infrared spectra of long-chain fatty acids
and their esters. The number of carbons in the long chains
of these compounds is equal to half of the bands in their

infrared spectra. The term “band progression” was applied
to such a series of bands (Swalen et al., 1987). Jones et al.
(1952) showed that these bands were attributable to the
CH2 wagging and/or twisting modes. Unfortunately, how-
ever, in this spectral region, bands ν(C-O) can also be
found, making it difficult to interpret infrared spectra of
such a complex mixture of compounds. A clearly distin-
guishable band at 1514 cm−1 and two less resolved bands
at 1630 and 1605 cm−1 were ascribed to stretching vibra-
tions of C-C bonds in aromatic rings, and are indicative of
the presence of phenolic compounds in the extracts. Broad
bands around 3400 and 3266 cm−1 were assigned to the
stretching vibration of O-H and N-H groups that interact
by H bonding. The intensities of these bands are known to
be depended on the plant species (Heredia-Guerrero et al.
2014). Two intense sharp bands at 1734 and 1711 cm−1,
found in the spectra, belonged to the stretching vibrations
of carbonyl bonds in esters and carboxylic acid groups.

Using GC/MS, the distribution of n-alkanes (n-C21 to n-
C31) reflected the predominance of odd-over-even carbon at-
om number with Cmax mainly at 29 and/or 31. The n-alkane
distribution was the same for all sample extracts from both
stands, however, their content was higher in extracts of soils
from upper parts of Mumlavská hora. Free fatty acids (FAs)
were identified in the extracts, ranging from n-dodecanoic
acid (12:0) to n-tetracosanoic acid (24:0). Saturated com-
pounds dominated in the distribution record, but unsaturated
FAs (16:1) were also found, as well as straight-chain C14-C18

n-alkanoic acids. The most distinct feature of the fatty acid
distribution was the predominance of compounds with an
even number of atoms in a molecule and dominance in
hexadecanoic and docosanoic acids. Vanillic acid (4-hy-
droxy-3-methoxybenzoic acid) was the most intensive of the
dihydroxybenzoic acids, next to dihydroxydimethylbenzoic
acid. Terpenoids, plant biomarkers, were also identified in
extracts: longifolen, lambda-8(20),14-dien-13-ol and
dehydroabietic acid, which are also often classified amongst
lipids. Their content with depth declined as well as the content
of alcohols (phytol) and sterols (stigmasterol).

Fig. 3 a Raman spectra of soil extracts from the Mumlavská hora stand. b Infrared spectra of extracts separated from the Alžbětínka stand. Spectra were
sorted by the soil horizon from top to bottom
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Discussion

Alžbětínka

The concentrations of n-alkanes (Fig. 4A), fatty acids (Fig.
4D, E, F, Supplementary Material S1), as well as the content
of carboxyl groups, as determined by ATR-FTIR (Fig. 5C),
were highest in the upper O-horizons and decreased in the
lower horizons. Such a distribution agrees with the natural
situation where fresh plant materials are stored in O-horizons
at various stages of decomposition.

The saturated FAs identified yielded a strong even predom-
inance originating from vascular plants (C18:0-C25:0), bacteria,
and other soil microorganisms (C12:0-C18:0). The Ol topsoil
horizon comprises the source of n-alkanes and FAs from epi-
cuticular waxes of vascular plants. With time, and mixing of
the mineral matter in soil, the compounds concentrate in the
Oh-layer (Fig. 4A). n-Alkanes naturally occur in the waxy
coating of plant leaves but it is known that they are also
formed from FAs, either directly by decarboxylation or by

condensation between two biochemically dissimilar FAs
followed by specific decarboxylation of one of them
(Kolattukudy 1970). The increase in n-alkanes in the Oh-ho-
rizons could largely be due to degradation, mainly in relation
to decreasing concentrations of saturated and unsaturated FAs
(Fig. 4D, E). The ratio of long-chain FAs and short-chain FAs
(FA > 18/FA < 18) was applied to identify variations in the
contribution of vascular plants, bacteria and other soil micro-
organisms for the saturated fatty acids. Their significant de-
crease of FAs in the lower-horizons is the result of limited
transport of these compounds into the mineral horizons, re-
duced input and microbial degradation, a process proven by
the lowering of FA > 18/FA < 18 ratios (Fig. 4C). This ratio of
acid content with carbon number over 18 to those below 18
indicates a microbial presence in proportion to the plant
source. The higher concentrations of saturated and unsaturated
acids in the Of horizon supports the assumption of higher
microbial activity and a contribution from root biomass
(Simoneit 2005). The concentration of dicarboxylic acids
was highest in the Oh-horizon of overlying humus. Such an

Table 2 Assignment of vibrational modes for the FT-Raman and for the FTIR spectra. (Zerbi et al. 1981; Edwards et al. 1996; Neubert et al. 1997; Lu
et al. 1998; Merk et al., 1998; Dubis et al. 1999; Beattie et al. 2004; Movasaghi et al. 2008; Coward 2010; Heredia-Guerrero et al. 2014)

FT-Raman spectra FTIR spectra

Band (cm−1) Assignments Band (cm−1) Assignment

2963*, 2929*, 2902* νas(CH3) 3440–3360 ν(O-H)

2881* νas(CH2) 3266 ν(N-H)

2850* νs(CH2) 2955* νas(CH3)

1742 ν(C=O) esters 2930*, 2917* νas(CH2)

1630, 1605 ν(C-C)ar 2898*, 2870* νs(CH3)

1460, 1439 δ(CH2) scissoring 2849* νs(CH2)

1365 δ(CH2) wagging and twisting 2830* νs(OCH3) methoxy

1306, 1295 δ(CH2) twisting 1734 ν(C=O) esters

1272, 1255 δ(=CH)ip olefinic hydrogen bend 1711 ν(C=O) in COOH

1203 ν(C-C) 1688 ν(C=O) in COOH

1173 ρ(CH2) 1650 Protein amide II

1133, 1124 νs(C-C) 1630, 1605, 1514, 1478 ν(C-C)ar
1083 ν(C-C), chain with g units 1550 Protein amide II

1062 νas(C-C) 1472/1464 δs(CH2) scissoring

1065–1060 ν(C–C) out-of-phase aliphatic all-trans 1437 ν(C-C)ar, ν(C-O), δ(OH)

1050 δ(CH2) twisting 1415 δ(CH2) adjacent to COOH

1033,1000 ν(CC)ar ring breathing 1378 δ(CH3) umbrella

975, 957 ρ(CH3) 1342, 1325, 1311, 1301, 1280,
1272, 1251, 1248, 1238,1223,
1217, 1205, 1194, 1177, 1169

δ(CH2) wagging + twisting, ν(C-O) esters

914 νs(C-C) head 1089, 1062, 1030, 1016 ν(C-C), ν(C-O) alcohols

891 ρ(CH3) chain-end tt 955 γ(COH) acids

920–800 ν(C1–C2), ρ(CH3), ν(C–O) 883, 831, 778, 744 γ(C-H)ar
725 v(CC) 730/720 ρ(CH2)

Notation of vibrational modes: ν, stretching; δ, bending; γ, out-of-plane; ρ, rocking; s, symmetric; a, asymmetric; ar, aromatic; ip, in-plane

*Band positions were determined by second derivative and curve fitting
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increase can be rationalized as the hydrolyzed products of
unsaturated alkanoic and hydroxy acids, components of the
epidermis and periderm (suberin and cutin) (Nierop et al.
2005; Otto and Simpson 2006; Rushdi et al. 2016).

The content of aromatic structures (I1512/I2917) in the
extracts had an analogous record throughout the profile:
higher in upper O-horizons and reducing with depth, as
shown by infrared spectroscopy (Fig. 5B). Aromatic acids
are secondary plant metabolites and degradation products
of phenolic polymers and monomers after decomposition
of suberin and ligno-cellulose complexes of plants (Gallet
and Keller 1999). The content of hydroxylic, ester and
carboxylic acid groups (Fig. 5C, D, F) showed that there
was a noticable relationship between the content of hy-
droxyl groups and aromaticity (Fig. 5B), supporting the
concept of collocation of phenolic and aromatic
compounds and ongoing degradative processes. Otto and
Simpson (2006) also observed phenolic compounds vanil-
lin, vanillic acid, syringic acid, and p-coumaric acid in
samples of the pine forest soil, that were again interpreted

as being predominantly derived from suberin, with an ad-
ditional input from the ligno-cellulose complex. For exam-
ple, the concentration of aromatic vanillic acid, which is a
microbial degradation product of lignin or ferulic acid
(Mäkelä et al. 2015), was 18 ng mg−1 at the Of-horizon,
and decreased to 0.7 ng mg−1 in Oh, and to zero in Bsh/s.

The relative proportion of long aliphatic chains (I2917/I2955)
showed a tendency to increase with depth (Fig. 5E) which
seems to be associated with a decrease in ester group signals
(I1735/I2917) (Fig. 5D). There are several possible explanations:
(a) long-chain acids had a lower abundance in leaves and
higher in roots and stems (Wiesenberg et al. 2005); (b) during
degradation of plant biomass, long-chain carbohydrates were
selectively preserved in soils as the short-chains were decom-
posable by soil microbes (Ussiri and Johnson 2003); (c) mi-
croorganisms are known to synthesize alkyl carbohydrate
structures as metabolic products of decomposition, and the
decrease in methoxy (ester) groups (Fig. 5D) could be attrib-
uted to this biological degradation of relevant hydrocarbons
(Hatcher et al. 1983; Kögel-Knabner 2000).

Fig. 5 Structural semi-quantitative parameters obtained from FTIR re-
sults: (A) crystallinity based on CH2 scissoring and rocking modes
(I730/I720); (B) relative representation of the aromatic structures based
on the ratio of band intensities, aromatic-ring vibrations, and deformation
vibrations of methylene (I1512/I2917); (C) carboxyl groups representations

(I1711/I2917); (D) ester content representations (I1735/I2917); (E) aliphatic
chain lengths based on the ratio of band intensities of aliphatic C-H bonds
in methylene and methyl groups (I2917/I2955); (F) hydroxyl group repre-
sentations based on the intensities of the band at 3345 cm−1 and the band
of methylene groups at 2955 cm−1 (I3345/I2955) in the horizons studied

Fig. 4 GC/MS results: (A) contents of n-alkanes; (B) carbon preference
indices showing the ratio of odd-to-even predominance in n-alkane dis-
tribution (CPI); (C) ratios of acid contents with carbon number over 18

and acids having a carbon number below 18; (D) saturated fatty acids, (E)
unsaturated fatty acids, and (F) saturated dicarboxylic acids in the hori-
zons studied
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The quality of soil organic matter, assessed by the CPI
ratio, utilizes the fact that for terrestrial plants, the odd-over-
even superiority for the n-C24 to n-C34 homologs is character-
istic and vanishes with plant decomposition. High CPI values
(Fig. 4B), typical for matter dominated by terrestrial vascular
plants, were observed in the upper horizons, and lowering of
values indicates the degradation of organic matter biomass
(Cranwell 1981; Gocke et al. 2014).

The values of crystallinity (I730/I720) (Fig. 5A) showed that
the aliphatic crystalline was well ordered in the upper Ol part
of the soil, full of fresh plant litter, as a high degree of crys-
tallinity is usual for plant epicuticular wax (Merk et al. 1998;
Koch and Ensikat 2008). Waxes progressed through decom-
position in the other parts of the O-horizon but in the A hori-
zon, values increased again. This suggests that the wax mor-
phologies had a crystalline structure again, probably through a
self-assembly process, in which molecules interacted and
formed well-defined humic structures. Environmental factors
(temperature, substrate might) could have influenced this self-
assembly process, as was proven under laboratory conditions
(Koch and Ensikat 2008).

Members of the terpenoid and steroid groups, derived from
conifer waxes, formed only a minor proportion of the extracts
and their contents declined with depth. Stigmasterol showed
the most striking change in concentration with depth
(29 ng mg−1 at Of-horizon, decreased to 8 ng mg−1 in Oh

and to 8 ng mg−1 in Bsh/s) (Supplementary Material S1). A
decrease in steroids has been observed by Naafs et al. (2004)
comparing litter layer extracts with those from underlying A-
horizons and was explained by compound mineralization, ar-
thropod assimilation or inclusion into the insoluble fraction.
Such a decrease between Of and Oh can also be explained by
the incorporation of free compounds into biogenic insoluble
macromolecules (Amblès et al. 1991).

Natural element input/output to the soil horizons occurs
predominantly via decaying plant materials and the uptake
of elements via plant roots from the deeper mineral soil.
Elements from the Factor 1 groups, Na, K, Fe, and Co, which
are essential plant nutrients, showed corresponding distribu-
tions with the highest concentrations being in the extract of
soil sampled from the Of-horizon (Fig. 6). They were concen-
trated at this horizon as a result of plant decay. In lower hori-
zons, these elements were bonded to humic substances due to
the strong binding capacity of humus, or were presented in a
mineral matrix with concentrations depending on the sorption
capacity of the appropriate horizon.

The input of As, Sb, Se, and Zn into the forest ecosystem
seems to be anthropogenic, related to human activity. Arsenic
occurs naturally in soils at concentrations ranging from 1 to
40 mg kg−1 (Zhou et al. 2017), and antimony at concentrations
ranging from 0.05 to 8.8 mg kg−1 (Doherty et al. 2017), and the
background levels are differentiated by geographic regions and
type of soils. For both elements, the highest concentrations in the
soil extracts studied were at the Oh-horizon 0.36 and
0.04 mg kg−1, respectively (Fig. 6C, D). Although these values
were within the background of the elements, they referred only
to a part of element bind to organic matter that was extracted
from the soil. The total concentration of As and Sb in soil can be
supposed much higher. The main input would be atmospheric
deposition that first comes into contact with top humus horizons.
Another overlap with organic material is followed by minerali-
zation and physico-chemical processes that result in the occur-
rence of variously mobile elemental forms. In the lower soil
profiles, the elements moved together with the soil solution,
which contains soluble complexes and suspended particles.
Metal mobility depends on many factors; elements can be
adsorbed and transported with humic substances or clay min-
erals, and soil pH is themain index that influences soil reactions.

Fig. 6 Results of INNA: Content of (A) arsenic, (B) antimony, (C) sodium, and (D) potassium in the horizons studied
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The highest concentrations of As and Sbwere at the horizon that
had the lowest pH. Similar results have been reported by Bissen
and Frimmel (2003), who concluded that a more acidic soil
promotes As mobilization. The source of Se and Zn can be
anthropogenic as well as natural (Imperato et al. 2003; He
et al. 2018). Zn had negative loadings in PCA, which may have
been caused by its high bioavailability and mobility when the
element leaches through the soil (Yelpatyevsky et al. 1995).

Mumlavská hora

Higher concentrations of n-alkanes (Fig. 4A) and lower
concentrations of n-alkanoic acids (Fig. 4D, E, F) com-
pared with Alžbětínka may be derived from the prevailing
purple moor grass and blueberries amongst conifers be-
cause it is known that conifer leaves synthesize lower
amounts of n-alkanes and higher amounts of acids in com-
parison with other terrestrial plants (Bush and McInerney
2013; Diefendorf et al. 2015). Also, the extracts revealed

longer aliphatic chains in the topsoil O horizons compared
with Alžbětínka (Fig. 5E). Alkane proxy CPI values (Fig.
4B) were similar throughout the profile and low (< 10),
indicating degradation of organic matter and root-derived
biomass (Gocke et al. 2014). The quantity of long aliphatic
chains (I2917/I2955) indicated a tendency to decrease with
depth (Fig. 5E). This relative reduction in long chain com-
ponents in E seems to be caused by preferential degrada-
tion of alkanes >C25 (Fig. 4B), and selective preservation
of hydroxylic, ester and carboxylic acid groups (Fig. 5C,
D, F). Such trends could be the result of lower levels of
microbial activity that have not been able to cope with
decomposable carbohydrates, which also corresponds with
the FA > 18/FA < 18 ratio showing higher values matching
the limited activity of bacteria and other soil microorgan-
isms in the E-horizon (Fig. 4C). Regardless of the lower n-
alkanoic acid concentrations (Fig. 4D, E, F, Supplementary
Material S1), the distribution included acids with a strong
even predominance, originating from vascular plants

Fig. 7 Difference ATR-FTIR
spectra obtained by subtraction of
the spectra: (A) A1-H1, (B) A2-
H2, (C) A3-H3, (D) A4-H4, (E)
A5-H5, (E) A6-H6

Fig. 8 Van Krevelen diagram: a
plot of atomic oxygen/carbon
(O/C) versus atomic hydrogen/
carbon (H/C) used to predict
compositional evolution/turn
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(C18:0-C25:0), bacteria and other soil microorganisms
(C12:0-C18:0), and the fatty acids (saturated, unsaturated)
and dicarboxylic acids showed a small increase in content
in the Om- or Oh-horizons.

Values of crystallinity were very similar to values found for
Alžbětínka in the topsoil O-horizons, but the recovery of crys-
tallinity started deeper from horizon E (Fig. 5A). This could be
due to various reasons, but generally, soil crystallinity is large-
ly impacted by environment (pH, soil character, temperature).
We hypothesize that the soil with poorly crystalline phases
could indicate contaminated conditions. Due to these condi-
tions, self-assembly of wax was affected and was lower in
deeper parts of the stand. The relative concentration of OH
groups was lower in the topsoil O-horizons compared with
extracts from Alžbětínka (Fig. 5F), and the content of ester
C=O bonds (I1735/I2917) and carboxyl groups (I1711/I2917) did
not change much with the depth profile (Fig. 5C, D).

Effect of pollution

The structures of solvent-extractable lipids from both profiles
studied were compared using difference spectra obtained by
subtracting one FTIR spectrum (Mumlavská hora) from the
other (Alžbětínka) (Fig. 7) obtained for the appropriate hori-
zons to see differences. The resulting spectra revealed a higher
oxygen functionality content in extracts of the Alžbětínka
profile, as shown by the positive bands at 3400 cm−1 (OH),
1735 cm−1 (COOR), and 1709 cm−1 (COOH). Positive bands
at 1630, 1609, 1478, 830, 815, and 730 cm−1 showed the
presence of aromatic phenolic structures. Protein bands at
3266, 1650, and 1550 cm−1 were found in the extracts of three
upper organic O-horizons in Alžbětínka. On the other hand,
extracts of the Mumlavská hora profile showed a higher con-
tent of long aliphatic chain compounds, as evidenced by the
presence of sharp intensive methylene bands at 2916 and

Table 3 Basic difference between the stands and groups of compounds identified in the soil extracts

Alžbětínka Mumlavská Hora

GPS 50° 45′ 35″ N
15° 31′ 21″ E

50° 47′ 45″ N
15° 28′ 11″ E

Altitude 1220 m a.s.l. 1190 m a.s.l.

Vegetation cover 46% of trees 3% of trees

H/C range 1.46–1.61 1.49–1.69

O/C range 0.20–0.23 0.14–0.19

Sodium (mg kg−1 soil of all horizons) 1.55 0.85

Potassium (mg kg−1 soil of all horizons) 1.77 0.63

Arsenic (mg kg−1 soil of all horizons) 0.28 0.36

Antimony (mg kg−1 soil of all horizons) 0.01 0.04

Compound class Sum of mg kg−1 soil
of all horizons

Sum of mg kg−1 soil
of all horizons

Main source

Fatty acids

Saturated fatty acids C12–24 3157 C12-C24 863 Suberin/cutin

Dicarboxylic acids C10–22 1099 C15-C22 155 Suberin/cutin

Branched alkanoic acids C14–22 56 C14-C20 58 Bacteria, vascular plants

Unsaturated fatty acids C16–20 88 C16, C18 10 Plant seeds

Benzoic acids

Dihydroxydimethylbenzoic acids 294 Lignin

Vanillic acid 12 Vanillic acid 6 Suberin/cutin

Terpenoids

Longifolene 52 Resin

Labda-8(20),14-dien-13-ol 655 vVascular plant waxes

Dehydroabietic acid 76 Conifer resin

Phytol 63 Phytol 22 Vascular plant waxes

Steroids

Cholestadienol 71 Cholestadienol 31 Cholestadienol

Fatty aldehydes

C15, C18 152 C15 1 Suberin/cutin

n-Alkanes

C21-C31 2892 C21-C31 10,262 Vascular plant waxes
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2848 cm−1. Chemical transformation and the presence/
absence of oxygen-rich molecules were also demonstrated
by the atomic ratios of H/C and O/C in the extracts. For soil
extracts from Mumlavská hora, these values were shifted in
the van Krevelen diagram (Fig. 8) to higher H/C and lower O/
C ratios in comparison with Alžbětínka extracts. They had
higher oxygen and lower carbon contents (Table 1), and this
agrees with higher amounts of hydroxyl, carboxyl, esters and
carbonyl oxygen-containing groups.

Generally, soil characteristics at the Alžbětínka stand can
be considered to be little affected by forest decline: the inten-
sity of long aliphatic chains in the Alžbětínka extracts in-
creased continuously with depth (Fig. 4E), aromaticity and
CPI values decreased (Fig. 5B), and correlated with the rela-
tive proportion of hydroxyl groups (Fig. 5F). The content of
ester C=O bonds and carboxyl groups also decreased with the
depth profile (Fig. 5C, D). Conversely, the composition of soil
lipids reflected the different situation at Mumlavská hora by
displaying an entirely different profile than that of the
Alžbětínka stand (Table 3). The extract analysis revealed
higher n-alkane contents in the upper horizons (Fig. 4A), var-
iable distribution with depth of long aliphatic hydrocarbons
(Fig. 5E), and lower CPI values (Fig. 4B), arguing for a dif-
ferent plant source and uncertain degradation. The contents of
aromatic structures, hydroxylic, ester and carboxylic acid
groups (Fig. 5B, C, D, F) were low in the whole profile and
changed slightly with depth, probably reflecting the greater
contribution of degraded and microbial biomass in O-hori-
zons. Differences between soil stands were evident in the
abundance of all types of fatty acids - saturated, unsaturated,
and dicarboxylic acids (Fig. 4D, E, F; Table 3).

Moreover, the lower concentrations of Na and K and higher
concentrations of As and Sb (Fig. 6), in comparison with soil
extracts from Alžbětínka, are evidence of a more polluted stand
at Mumlavská hora. Nitrogen and sulfur emissions from com-
bustion of fossil fuels formed sulfuric and nitric acids (in
clouds) and returned to the earth in precipitation and dry depo-
sition. Soil acidification and accumulation of organic carbon
fromMolinia caerulea occurred at Mumlavská hora, accelerat-
ing biogenic element losses (Bonifacio et al. 2008). As and Sb
speciation analysis can be employed as a geochemical tracer of
anthropogenic emissions (Sánchez-Rodas et al. 2017). Lignite
mining and burning in the Czech–Polish–German border re-
gion have influenced the distribution of these elements. They
have accumulated free, mineralized and/or bound due to a ten-
dency to promote organic binding (Reimann et al. 2007;
Sucharová et al. 2011). The concentration of these elements
was highest in the upper horizons but the values seem to be
low in comparison with data given by Sucharová et al. (2011)
for forest floor humus - up to 85.8 mg As kg−1 soil and 6.5 mg
Sb kg−1 of soil. But it must be taken into account that the
concentrations found could only represent a small proportion
of all elements because they were detected in organic extracts.

Conclusion

Transformation of plant litter constituents in soils depends on
climate and deposition impacting the physico-chemical con-
ditions of soil, plants, the state and activity of bacteria, and
other soil microorganisms. The impact of acid rain and acid
deposition causes changes in plant growth and soil pH. Soil
acidification reduces the biological activity of soils by limiting
both the number of microorganisms and biochemical process-
es, and inhibits plant matter decomposition processes, as is
visible in this study of soil extracts from two differently dam-
aged stands. The samples and their fractions displayed differ-
ences in chemical composition. Extracts of the more damaged
stand Mumlavská hora showed a lower content of fatty and
benzoic acids, terpenoids, and steroids, and a higher content of
n-alkanes, arsenic and antimony. Under more favorable con-
ditions at the Alžbětínka stand, features included higher
amounts of oxygen-containing groups with lower turnover
rates, plant fatty acids and aromatic structures with longer life
times, supporting crystalline order, prevailing longer aliphatic
chains. Acid rain and incidental forest decline affected the
processes in soil biomass, and similar features were not rec-
ognizable in samples from Mumlavská hora.
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