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Abstract

Purpose The analysis of n-alkanes in palacoenvironmental studies of peatlands is mainly limited to ombrogenous peatlands
which are a rare feature in the environment. Using n-alkane and plant macrofossil analysis, we have tracked changes in the
environment in the valley of a large Central European river. We tested the possibilities for applying such studies to low-moor
bogs which are the most commonly occurring type of bog in the world.

Materials and methods Representative peat samples were taken from two profiles in a peatland located in the Vistula Valley
(southern Poland), and they were analysed for the occurrence and distribution of biomarkers. The distribution of n-alkanes
was determined using gas chromatography-mass spectrometry (GC-MS). The botanical composition of the samples was
determined by analysis of plant macrofossil remains, and the degree of peat decomposition was also determined.

Results and discussion Samples of low-moor peat were characterised by a prevalence of medium- and long-chain n-alkane
homologues, which is typical for higher plants. The variable values of the CPIL, CPI (55 3, and the C,3/C,5 ratio have provided
information on the stages of formation of the ZapadZ bog. The source of n-alkane differentiation is vegetation change related
to palaecohydrological dynamics and palaeoenvironmental conditions within the peatland.

Conclusions We have shown that analysis of n-alkanes can be successfully used in low-moor bogs as a complement to
palaeobotanical and palaeozoological methods. The bringing together of these types of research enables changes in the
ecosystems of large river valleys to be tracked.

Keywords N-Alkanes - Low-moor peat - Environmental changes - Holocene - Poland

1 Introduction

Peat, biogenic sediment formed from partially decayed plant
debris, accumulates in constantly wet, acidic, and suboxic
to anoxic sedimentary environments. The different types of
plant material that participate in the process of peat for-
mation include leaves, rhizomes, roots, and woody parts of
vascular plants as well as bryophytes (Rydin and Jeglum
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2013). The composition of peat deposits provides climatic
information about the local area and can serve as a useful
tool in reconstructing palaeoclimate (Bingham et al. 2010).

Lipids from peat-forming plants can be used as proxies
for past changes in bog vegetation because they can persist in
arelatively unaltered state, unlike the bulk of the vegetation
which is largely composed of readily degradable compo-
nents such as carbohydrates (Pancost et al. 2002).

The distribution of n-alkanes in peat profiles is related to
the different types of vegetation that formed the peat. The
n-alkane content differs greatly between plant species and
they are not species-specific molecules (Schellekens and
Buurman 2011). Moreover, the amounts of n-alkanes deliv-
ered to the sediment by plants may be disproportionate to the
quantities of plant biomass present in the peat (Andersson
et al. 2011). The results of Ficken et al. (1998, 2000) and
Pancost et al. (2002) showed that the leaves of some vascular
plant species (e.g. of the Ericeaceae family) contain higher
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concentrations of n-alkanes than Sphagnum and other moss
species. Also, the leaves of deciduous trees are more abun-
dant in n-alkanes than coniferous tree needles. Deciduous
trees produce far more biomass than other plants, and their
leaves are major contributors of n-alkanes to sedimentary
organic matter of terrestrial origin.

Different groups of plants produce leaf wax n-alkanes with
differing carbon chain lengths (Nichols et al. 2006). The leaf
wax of vascular plants (grasses, sedges, trees, and shrubs) is
dominated by long-chain n-alkanes with 29-31 carbon atoms
per molecule (from n-C29 to n-C31), whilst Sphagnum leaf
wax is dominated by n-alkanes with medium chain length
(from n-C23 to n-C25) (Nott et al. 2000; Pancost et al. 2002;
Nichols et al. 2006). A dominance of short-chain n-alkanes
in the hydrocarbon fraction indicates that the sediment was
deposited in an aquatic environment and that organic mat-
ter occurring there is an autochthonic component (Malifiski
and Witkowski 1988). The occurrence of n-alkanes with 23
carbon atoms in a chain (and to a lesser degree, with 25 car-
bon atoms in a chain) is not typical for terrestrial conditions
(Eglinton and Hamilton 1967), but is commonly observed
in different Sphagnum species (Nott et al. 2000; Baas et al.
2000; Pancost et al. 2002).

The diversity of n-alkanes may also be related to the
variability of ecological conditions (e.g. changes in the
water table). One consequence of environmental change is
a variation in the species composition of plant communities.
During dry periods with a lowered water table, Sphagnum,
which does not have a vascular system, cannot obtain water,
and this has a negative effect on its growth (Nichols et al.
2009). In such situations, vascular plants contribute more
leaf wax to the peat deposit. Conversely, when the water
level is high, the oxygenated layer near the surface of the
peatland becomes thinner, making conditions difficult for
vascular plants (Nichols et al. 2009). Changes of water table
levels in the peat can be reflected by the quantity of C,; and
C,g n-alkanes contained in Sphagnum and vascular plants.

The strong connection between the distribution of plant
species and the wetness of the surface of an ombrotrophic
mire (Charman 2002; Rydin and Jeglum 2013) leads to the
suggestion that the variety of biomarkers originating from
plants, when incorporated into peat, can be used to recon-
struct past conditions.

The analysis of n-alkanes has been successfully used to
reconstruct the changes in the vegetation and palaeohydrol-
ogy of the peatlands in different climatic zones not only
in Europe (e.g. Nichols et al. 2009; Andersson et al. 2011;
Ronkainen et al. 2013; Gabov et al. 2017) but also across
the world (Zhang et al. 2017). However, the vast majority of
these studies concerned ombrotrophic bogs, which are con-
sidered the best subjects (e.g. Nichols et al. 2006; Bingham
et al. 2010; Schellekens and Buurman 2011; Balascio et al.
2018) for this type of study. The specific conditions that are
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required for them to form mean that the opportunities for
using the analysis of n-alkanes are, in practice, limited to
the relatively small areas on which they can form (usually
watersheds and mountains).

There has been only sporadic use of n-alkane analysis to
monitor environmental change in low-moor peatlands, the
most prevalent peatlands in the world, and a permafrost area.
An example of this type of study is a study of peatlands
in the tundra zone (Bol’shezemelskaya Tundra, Russia) by
Pastukhov et al. (2018). In response to this, our objective
was to reconstruct the vegetation changes and changes in
the water table levels in a peatland located in the valley of a
large river. With the simultaneous application of plant mac-
rofossil analysis, we also tried to estimate the opportunities
for using n-alkane analysis to track vegetation and palaeohy-
drological change in inherently deficient ombrotrophic areas
of peatland in which low-moor and transitional peatlands
are dominant.

2 Methodology and materials
2.1 Study area

The peatland that was investigated, Zapadz, is located in the
valley of the Upper Vistula River in southern Poland, near
Gora village in the MiedZna commune (49° 59" 4.8" N, 19°
26’ 14.2" E) (Fig. 1). It was formed in a palaecomeander hol-
low that occupies an area of about 19 ha and is surrounded
on three sides by a high embankment. The peatland is a
living low-moor bog mainly overgrown with rush vegeta-
tion (with the dominance of Carex spp.). The maximum
thickness of sediments is 4 m. The eastern edge of the bog
is located about 500 m from the strongly meandering river
Vistula.

2.2 Sampling

For the purposes of this study, two peat cores were collected
in 2016 from different parts of the peatland, the Z1 core
(3.35 m) situated in the north-western part of the mire, and
the Z2 core (1.50 m) in its south-eastern part (Fig. 1). The
cores for sediment analysis were collected using an Instorf
auger with a 5-cm diameter core sampler which was 50 cm
in length. The samples for analysis were selected to reflect
changes in the botanical composition of the core sediments.
These changes were determined using plant macrofossil
analysis.

2.3 Plant macrofossil analysis

An analysis was carried out of the species composition in
12 samples of the peat, each with a volume of 20 cm® and
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Fig. 1 The location of the study peatland showing the sites of the cores

mainly selected at 5-cm intervals along the core. Samples
were taken from the depths at which there were changes
in the types of peat in the cores. In order to separate the
macrofossils, the peat was rinsed using a sieve with a mesh
size of 0.2 mm. The plant macroremains were scored using
a stereoscopic microscope. The degree of peat decomposi-
tion was defined according to the van Post scale (Rydlin and
Jeglum 2013).

2.4 Gas chromatography-mass spectrometry

Eight samples from the Z1 profile and four samples from
the Z2 profile were subjected to GC—MS analysis. Each
sample had a dry weight of about 10 g. After drying in
the laboratory, the samples were first crushed in an agate

mortar; then, organic matter was extracted using a dichlo-
romethane and methanol mixture (5:1, vol:vol) in a Dionex
ASE 350 solvent extractor. Extracts were separated into
aliphatic, aromatic, and polar fractions by modified col-
umn chromatography according to Bastow et al. 2007.
Silica-gel was first activated at 110 °C for 24 h hand then
put into Pasteur pipettes. The eluents used for collection
of the fractions were n-pentane for aliphatic hydrocarbons,
n-pentane and dichloromethane for the aromatic fraction
(7:3 vol:vol), and dichloromethane and methanol for the
polar fraction (1:1 vol:vol) (Rybicki et al. 2016). Frac-
tions of selected peat samples were analysed using an Agi-
lent Technologies 7890A gas chromatograph and Agilent
5975C Network mass spectrometer. The GC column outlet
was connected directly to the ion source of the Triple-Axis
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Detector (MSD) (Rybicki et al. 2016). The GC-MS inter-
face temperature was 280 °C, while the ion source and
quadrupole analyser were at 230 °C and 150 °C, respec-
tively. Helium (6.0 Grade) was used as a carrier gas at a
constant flow of 2.6 ml min~!. Separation was on either of
the fused silica capillary columns:

— J&W HP5-MS (60 m 0.32 mm i.d., 0.25-pm film thick-
ness) coated with a chemically bonded phase (5% phe-
nyl, 95% methylsiloxane). The GC oven temperature was
programmed from 45° C (1 min) to 100 °C at 20 °C/
min, then to 300 °C (held 60 min) at 3 °C/min. Solvent
delay =10 min.

— J&W DB35-MS (60 m 0.25 mm i.d., 0.25 pym film thick-
ness) coated with a chemically bonded phase (35% phe-
nyl, 65% methylsiloxane). The GC oven temperature was
programmed from 50 °C (1 min) to 120 °C at 20 °C/
min, then to 300 °C (held 60 min) at 3 °C/min. Solvent
delay =15 min.

Mass spectra were recorded from m/z 45-550 (0—40 min)
and m/z 50-700 (>40 min). The mass spectrometer was
operated in the electron impact mode (ionisation energy
70 eV) (Rybicki et al. 2016).

The results were presented in terms of five geochemical
proxies. Carbon Preference Index (CPI) ratios (Kotarba et al.
1994) for n-alkanes containing from 17 to 31 carbon atoms
per molecule were calculated as:

CPI—the value of the Carbon Preference Index for the
n-alkanes C,,—C;, after Kotarba et al. (1994).

(Ci7+ Crgeee 4 Cyy + Cog) + (Cpg + Cop.. + Cog + C3))

CPI =
[2(C15 + Cyp-.. + Cog + Cy9)

ey

CPI,5 5, (Kotarba et al. 1994) was calculated in a simi-

lar way for n-alkanes containing 25-31 carbon atoms per
molecule as

(Cos + Cy7 + Cy9) + (Cy7 + Gy + C5y)

CPlps_z)) =
@30 [2(Cyg + Cag + Cy9)]

@

We also calculated the SCh/LCh (short-chain/long-chain)
quotient, which is the proportion of short-chain homologue
n-alkanes with 17, 18, and 19 carbon atoms per molecule
to long-chain n-alkanes with 27, 28, and 29 carbon atoms
per molecule, as.

Sch/LCH = (nCy; + (nCg + (nCjg)/(nCyy + (nCyhg + (nCyy)

(3)

Finally, we derived C,5/C5, (n-alkanes with 23 carbon

atoms per molecule as a proportion of n-alkanes with 31

carbon atoms per molecule; Pancost et al., 2002) and n-C_,,
(the maximum rn-alkane content). (Rybicki et al., 2016)
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3 Results
3.1 Plant macrofossils analysis

The results of the analysis of plant macrofossil remains are
shown in Tables 1 and 2. The composition of the peat from
Zapadz showed considerable variation (Figs. 2a and 3a).
Three types of low-moor peat have been identified in the pro-
files: Alnioni, Magnocaricioni, and Bryalo-Parvocaricioni.
The upper of the layers for the two profiles showed the great-
est variety of plant macroremains mostly comprising Carex
spp. with smaller quantities of Phragmites australis and
brown mosses. Betula sect. Albae, Eriophorum vaginatum,
and Juncus spp. were also identified in the upper of the lay-
ers. The main component of the middle part of the profiles
was Carex spp. The base of the profile Z1 consisted of moss
peat including Sphagnum sp. with Carex sp., Eriophorum
vaginatum, and Phragmites australis. In case of the Z2 core,
it was sedge peat with a small share of brown moss remains
and Phragmites australis. The wood, seeds, and fruits of
Betula sect. Albae were recognised almost throughout the
whole profiles of Z1 and Z2.

3.2 Gas chromatography-mass spectrometry

The peat samples studied were dominated by medium-
chain (n-C,; and n-C,s) n-alkane homologues (typical for
Sphagnum) and long-chain (n-C,; and n-C,,) n-alkane
homologues which are characteristic of higher plant
waxes (Table 3, marked in orange; Figs. 2b, 3b). Moreover,
elevated values of n-C,; were observed in samples Z1/5
(73.9%) and Z1/7 (100%). The quantities and distribu-
tions of n-alkanes varied within and between the two peat
cores. The percentage content of 1n-C,; compounds ranged
from 8.2% (Z1/7) to 100% (Z1/5 and Z2/1), that of n-
C,5 compounds from 34.8% (Z2/4) to 100% (Z1/1), that
of n-C,; compounds from 63.3% (21/7) to 100% (Z1/2,
Z1/3,Z1/4, 2116, Z1/8, Z2/2, Z2/3, Z2/4), and that of n-
C,9 compounds from 24.1% (Z1/7) to 79.5% (Z1/2). In all
of the samples, n-C,; and n-C,5 n-alkanes were clearly
present in significant quantities (Table 3).

In some samples, the occurrence of n-alkanes was not
completely compatible with the occurrence of plant mac-
rofossil remains. For example, the n-alkanes in Sample
Z1/5 were dominated by n-C,; and n-C,5 compounds
which suggest Sphagnum spp. content, but the macrofos-
sils were mainly from Carex spp. (a vascular plant) along
with some Phragmites australis and a small fraction of
brown mosses. Similarly, in the uppermost layer of core
Z1 (Sample Z1/1), the high content of n-C,; and n-C,;
n-alkanes (Table 3) indicates that the main component



Journal of Soils and Sediments (2021) 21:2709-2718

2713

Table 1 Species composition of the peat samples (Z1 core)

Depth (m)

Species composition of peat

Sample

0.0-0.05

0.10-0.15

0.45-0.50

0.60-0.65

0.70-0.75

1.05-1.10

1.35-1.40

1.55-1.60

1.90-1.95

2.10-2.15

2.50-2.55

2.70-2.75

3.00-3.05

3.25-3.30

3.30-3.35

Carex sp. 73% (mainly roots), Phragmites australis 11% (roots and rhizomes), wood and bark of Betula sp. 3%, other 13%
(including seeds and fruits: Betula sect. Albae, Bidens tripartita, Carex sp., Eleocharis palustris, Juncus sp., Menyanthes
trifoliata, Rannunculus sp.

Carex sp. 75% (mainly roots), Brown mosses 8%, wood and bark 12% (including Alnus glutinosa and Betula sp.), Eriopho-
rum vaginatum 2% (mainly leaves), other 6% (including Phragmites australis (roots and rhizomes), leaves of Sphagnum
sp., and seeds and fruits: Betula sect. Albae, Carex sp., Juncus sp, Polygonum hydropiper, Scirpus sylvaticus

Carex sp. 71% (mainly roots), Brown mosses 18%, Phragmites australis 5% (roots and rhizomes), wood 2% (including
Alnus glutinosa and Betula sp.), other 4% (including Eriophorum sp. (mainly leaves), leaves of Sphagnum sp. and seeds
and fruits: Betula sect. Albae, Rannunculus sp.)

Carex sp. 75% (mainly roots), wood and bark15% (including Alnus glutinosa, Betula sp., Pinus sylvestris), Phragmites aus-
tralis 4% (roots and rhizomes), other 6% (including: Brown mosses, Eriophorum sp. (mainly leaves), leaves of Sphagnum
sp., needles of Pinus sylvestris and seeds and fruits: Betula sect. Albae, Carex sp., Scirpus sylvaticus

Carex sp. 76% (mainly roots), wood and bark 17% Alnus glutinosa, Betula sp. (mainly A. glutinosa), Phragmites australis
2% (roots and rhizomes), other 5% (including: rhizomes of Typha sp. and Equisetum sp,. leaves of Sphagnum sp, Brown
mosses and seeds and fruits: Betula sect. Albae, Carex sp., Epilobium sp., Juncus sp.)

Wood and bark 48% Alnus glutinosa (mainly) and Betula sp., Carex sp. 37% (mainly roots), Phragmites australis 3% (roots
and rhizomes), other 12% (including: rhizomes of Typha sp. and Equisetum sp. and seeds and fruits: Urtica dioica and
Carex sp.

Carex sp. 87% (mainly roots), Phragmites australis 5% (roots and rhizomes), Brown mosses 2%, wood 2% (including
Alnus glutinosa and Betula sp.), other 4% (including seeds: Lycopus europaeus and sclerotia of Cenococcum geophilum
and coals)

Carex sp. 83% (mainly roots), Phragmites australis 8% (roots and rhizomes), and other 9% (including: Brown mosses,
wood (Alnus glutinosa and Betula sp., seeds and fruits: Betula sect. Albae, Carex sp., Rannunculus sp. and sclerotia of
Cenococcum geophilum

Carex sp. 90% (mainly roots), Phragmites australis 5% (roots and rhizomes), other 5% (including: Brown mosses, Erio-
phorum sp. (mainly leaves), wood (mainly Betula sp.) and seeds and fruits: Betula sect. Albae and Rannunculus sp.

Brown mosses 48%, Carex sp. 39% (mainly roots), Phragmites australis 2% (roots and rhizomes), wood of Betula sp. 2%,
other 9% (including fruits: Betula sect. Albae)

Carex sp. 80% (mainly roots), Brown mosses 2%, wood of Betula sp. 2%, other 16% (including: Phragmites australis
(mainly roots and rhizomes), Eriophorum vaginatum (mainly leaves), leaves of Sphagnum sp. and seeds and fruits:
Betula sect. Albae, Carex sp., Epilobium sp., Juncus sp., Polygonum hydropiper, Rubus sp.

Carex sp. 83% (mainly roots), Brown mosses 9%, Phragmites australis 2% (roots and rhizomes), wood of Betula sp. 2%,
other 4% (including: Eriophorum sp. (mainly leaves) and fruits: Betula sect. Albae

Brown mosses 52%, Carex sp. 40% (mainly roots), wood of Betula sp. 2%, and other 6% (including: Phragmites australis
(mainly roots and rhizomes, Eriophorum sp. (mainly leaves), fruits: Betula sect. Albae,

Brown mosses 67%, Carex sp. 24% (mainly roots), Phragmites australis 2% (mainly roots and rhizomes), and other 7%
(including Eriophorum sp. (mainly leaves), wood (mainly Betula sp.), seeds and fruits: Betula sect. Albae, Carex sp.,
Menyanthes trifoliata)

Brown mosses 75%, Carex sp. 12% (mainly roots), Phragmites australis 2% (mainly roots and rhizomes), and other 6%

(including: Eriophorum sp. (leaves mainly), wood (mainly Betula sp.), seeds and fruits: Betula sect. Albae, Carex sp.,
Menyanthes trifoliata, Rannunculus sp.)

Z1/1

7172

Z1/3

Z1/4

Z1/5

Z1/6

Z1/7

Z1/8

of the peat is Sphagnum spp., but the primary macro-
fossil species identified within this layer was Carex spp.
Domination of long-chain n-alkane homologues was
explicit and confirmed by values of SCh/LCh (3) ranging
from O to 0.15 (Figs. 2c, 3c). Among long-chain homo-
logues, there was a significant domination of n-alkanes
with an odd number of carbon atoms in the chain, which
was confirmed by values of CPI (1) and CPl,s 5, (2) >4
in all samples. CPI values significantly above 1.0, odd

preference, indicate low thermal maturity (Ruan et al.,
2018). The highest values of CPI (> 10) were noted in
samples Z1/3, Z1/8, and Z2/4, whereas high values of
CPI,5 5, were observed in samples Z1/3,21/6,Z1/8, Z2/2,
and Z2/4 (Figs. 2c, 3c). In the Z1 profile, C,5/C;; was
in the range 1.1-3.8, with the exception of sample Z1/8
(ratio equalling 33.9) (Table 3). The Z2 profile does not
show such outliers instead with values of the ratio which
range from 1.6 to 5.4 (Table 3).
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Table 2 Species composition of the peat samples (Z2 core)

Depth (m)

Species composition of peat

Sample

0.0-0.05

0.30-0.35

0.40-0.45

0.50-0.55

0.75-0.80

1.05-1.10

1.45-1.50

Carex sp. 68% (mainly roots), Phragmites australis 14% (roots and rhizomes), wood and bark 4% (including Betula sp.,
Salix sp.), other 15% (including: leaves of Sphagnum sp., Brown mosses, seeds and fruits: Betula sect. Albae, Carex sp.,
Eleocharis palustris, Juncus sp.)

Carex sp. 72% (mainly roots), Brown mosses 12%, wood and bark 4% (including Alnus glutinosa and Betula sp.), Eriopho-
rum sp. 3% (mainly leaves), other 9% (including Phragmites australis (roots and rhizomes), leaves of Sphagnum sp., and
seeds and fruits: Betula sect. Albae, Carex sp., Juncus sp.)

Carex sp. 67% (mainly roots), Brown mosses 20%, wood 6% (including Alnus glutinosa and Betula sp.), Phragmites aus-
tralis 3% other 4% (including Eriophorum sp. (mainly leaves), leaves of Sphagnum sp. and seeds and fruits: Betula sect.
Albae, Juncus sp., Carex sp.)

Carex sp. 73% (mainly roots), wood and bark7% (including Alnus glutinosa, Betula sp.), Brown mosses 5%, Phragmites
australis 4% (roots and rhizomes), other 11% (including leaves of Sphagnum sp., and seeds and fruits: Betula sect. Albae,
Carex sp, Lycopus europaeus)

Carex sp. 71% (mainly roots), wood and bark 13% Alnus glutinosa, Betula sp. (mainly A. glutinosa), Typha sp. 5% (rhi-
zomes), Phragmites australis 1% (roots and rhizomes), other 10% (including Brown mosses, leaves of Sphagnum sp., and
seeds and fruits: Betula sect. Albae, Carex sp., Juncus sp.)

Carex sp. 68% (mainly roots), wood and bark 17% Alnus glutinosa, Betula sp., Salix sp. (mainly A. glutinosa), other 15%
(including: rhizomes of Typha sp. Phragmites australis (roots and rhizomes) seeds and fruits: Carex sp., Lycopus euro-
paeus, Juncus sp., Rubus sp.) sclerotia of Cenococcum geophilum

Carex sp. 80% (mainly roots), Brown mosses 6%, Phragmites australis 3% (roots and rhizomes), wood 3% (including
Alnus glutinosa and Betula sp.), other 8% (including: fruits of Betula sect. Albae, rhizomes of Equisetum sp. and sclerotia

72/1

7212

72/3

72/4

of Cenococcum

4 Discussion

The analyses of plant macrofossil remains from the peat
deposit at ZapadZ indicate that the key role in the build-
ing up of the peatland at most stages of its development
was played by various rushes with a variable proportion
of mosses. Accumulation of wood peat and the species
composition of the herbaceous remains found in the mate-
rial also indicate the periodic growth of alder forests. They
dominated in the past when wet conditions occurred,
evidenced by peat layers containing macrofossils of spe-
cies such as Sphagnum spp. and Menyanthes trifoliata
which are characteristic of habitats where the water table
is relatively high and stable (Ktosowski and Ktosowski
2007; Table 1). The occurrence of Menyanthes trifo-
liata (3.30-3.35 m, 3.45-3.50 m) in the Z1 profile may
also indicate periodic flooding of the mire surface. The
occurrence of Cenococcum geophilum sclerotia also sug-
gest periodic drying of the mire surface (Andersson et al.
2011), for example layers at 1.35-1.40 m and 1.55-1.60 m
(Z1 profile) and the 1.00-1.50-m layer in the Z2 profile.
High values of n-C,; and n-C,5 are associated with the
occurrence of Sphagnum species (Table 1; e.g. Z1/2 sample)
for which these chain lengths are characteristic (Nott et al.
2000; Pancost et al. 2002; Nichols et al. 2006). During analy-
sis of the results, an increased amount of n-C,; and n-C,5 was
noted in the all the samples. Individual results vary in their
content of n-C,; and n-C,5 alkanes (e.g. Z1/7 sample) and,
furthermore, high values of n-C,; alkanes were observed. The
unexpected distributions seen can indicate that some plant

@ Springer

species or tissues are more important sources of n-alkanes
than others, such that they dominate the n-alkane distribu-
tions even when their macrofossil remains are not abundant.
For similar dependencies take note of, inter alia, Pancost et al.
(2002). Higher plants often contain n-alkanes, typically with
the highest contents of n-C,g, n-C;;, and n-Cs;, while n-Cy;
and n-C,5 are minor as demonstrated in other studies, e.g.
Eglinton and Hamilton (1967) and Schellekens and Buurman
(2011). The data analysis showed a discrepancy in the occur-
rence of n-C,, and peat-forming plants in individual layers.
An example is sample Z1/8 whose contents are mainly brown
mosses. However, high values of C,; n-alkane (C,,,,7) were
observed at this depth. The reason for such a high content
of C,; n-alkane may be the presence Carex spp. in the spe-
cies composition. The relationship of this n-alkane with the
presence of Carex spp. remains was also indicated by Ficken
et al. (1998) and Ronkainen et al. (2013). The incompat-
ibilities described may be related to the presence of partially
decomposed macrofossils and the presence of plant species
distinguished by an abundance of lipids in the peat (Pancost
et al. 2002; Schellekens and Buurman 2011). Whereas for the
Z1/7 sample, C,,,, was obtained with a domination of n-C,,,
and this seems difficult to explain since the main plant com-
ponent at this depth is composed of Carex spp (83%; Table 1).
Such a result may be the effect of aerobic degradation which
this causes chain length reduction in organic matter of peat,
assuming that there is no preferential decay of n-alkanes with
a specific chain length (Buurman et al. 2006; Schellekens et al.
2009). Chain length reduction may cause a relative increase in
n-alkanes with a mid-chain length (provided that longer chain
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Fig.2 Description of the peat samples from the Z1 core and their
classification (according to Totpa et al. 1971) and the variation of the
geochemical proxies. a The variance of peat, taking into account the
degree of decomposition and the share of dominant species of peat-

lengths were initially dominant; Schellekens and Buurman
2011). The result obtained could also be influenced by the
degree of peat decomposition, which was defined as average
in the layer analysed (H4; Fig. 2a). Peat decomposition can
interfere with the interpretation of primary plant chemistry,
which can lead to conflicting conclusions. Extensive results
presented in Schellekens and Buurman (2011) show that cor-
rect interpretation requires a combination of markers or their
association with other proxies (e.g. n-alkenes). It may also
help to compare the distribution of n-alkanes in different peat
fractions, highlighting the influence of peat degradation lead-
ing to chain length changes.

This type of data indicates possible restrictions in the
application of the n-alkane analysis as the only method of
testing for environmental changes on peatlands. However,
they do not exclude its use in multi-proxy studies along with
classical palaeobotanical and palaeozoological methods.

In the Z1 and Z2 profiles, n-C,,,, values are dominant for
C,; n-alkanes  An example is a Z1/4 sample in which the
species composition contains dominant wood and bark of
Alnus glutinosa and Betula sp. strongly decomposed. This is

forming plants, b n-Alkane distribution in selected samples. Numbers
over the peaks refer to the carbon number in a molecule. ¢ Geochemi-
cal proxies based on the distribution of n-alkanes

consistent with the findings of Zech et al. (2010) who indi-
cated that for n-C,, the maximum is related to the presence
of Betula spp. and Salix spp material. Such a relationship
between the plant species composition and chain length of
the n-alkane is also confirmed by Andersson et al. (2011). A
significant difference was observed within the n-C,; content
in the study profiles. Such variability can be interpreted as
reflecting the diversity of the Sphagnum species. A similar
relationship was also indicated by Nott et al. (2000), Bingham
et al. (2010), and Fabianska et al. (2014).

Differentiation within the C,,/C5; ratio, and especially a very
high value in the Z1/8 sample (Fig. 2c), can indicate a sud-
den change in environmental conditions (higher water table)
during peatland formation. This is confirmed by the presence
of Menyanthes trifoliata seeds in the sediment which prefer a
high water level (Ktosowski and Ktosowski 2007). Low values
in, e.g. the Z1/7 and Z2/4 samples, can instead suggest stable
conditions—a relatively low water level in the Zapadz peatland.
Plants recorded in the profiles also have a huge influence on
low values of the n-C,;/n-Cs; ratio. The higher vascular plants,
which dominate in the profiles (e.g. Carex spp., Eriophorum
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Fig.3 Description of the peat samples from the Z2 core and their
classification (according to Totpa et al. 1971) and the variation of the
geochemical proxies. a The variance of peat, taking into account the
degree of decomposition and the share of dominant species of peat-

vaginatum, Phragmites australis, Betula sect. Albae), have an
influence on the low value of the C,3/n-Cs; ratio. This is con-
firmed by the research of Ronkainen et al. (2013). By contrast,
the growing share of mosses (Figs. 2c, 3c) contributed to an
increase in the value of this indicator, as seen in the studies by
Nott et al. (2000) and Bingham et al. (2010). The variance of
the n-Cy,/n-C5 ratio is also likely to result from changes result-
ing from the presence of Sphagnum spp. and brown mosses as
components of peat, which was suggested by the results (e.g.
Bingham et al. 2010; Pancost et al. 2002). These data confirm
the results of Spearman’s rank correlation coefficient r,=0.83

forming plants, b n-Alkane distribution in selected samples. Numbers
over the peaks refer to the carbon number in a molecule. ¢ Geochemi-
cal proxies based on the distribution of n-alkanes

(p=0.03, with the assumed significance level p <0.05), indi-
cating a very close relationship between brown mosses and the
variance of the n-C,,/n-C;, ratio.

The resulting CPI values are higher than 1 (Figs. 2c, 3c¢),
indicating a predominance of odd over even n-alkane homo-
logues (Schellekens and Buurman 2011). This indicator can be
used as a diagnostic for determining the direction of the main
biogenic sources of n-alkanes (Ruan et al. 2018). High values
of the CPI indicate a high input of cuticular waxes of higher
vascular plants into peats and a low maturity of organic matter
(Fabiariska et al. 2014). The species composition of the study

Table 3 Individual n-alkane homologue data (C;y—C5s) for peat horizons. Relative abundances normalized to major peak =100

Sample  Cyy Cyo Cy Cy Cys Cyy Cys Cys Cy Cyg Cyo Gy Gy Cyp Gy Gy Gy
Z1/1 1.2 4.0 231 191 904 223 100 1.6 70.1 0.8 343 36 195 24 88 0.0 0.0
7172 3 2 45 125 93 14 78 11 100 11.5 795 4 45 2 135 00 0.0
Z1/3 0.0 0.0 263 54 455 48 40.7 5.1 100 5.6 424 00 127 0.0 0.0 00 00
Z1/4 1.5 1.5 315 131 554 135 517 11.6 100 105 685 1.9 16.5 04 37 00 0.0
Z1/5 0.0 5.2 739 227 100 175 744 152 735 52 60.7 19 246 19 11.8 00 00
Z1/6 5.1 5.1 23.6 13 94 12 68.1 8.8 100 6 616 14 644 14 148 00 00
z1/7 13.6 11.1 100 22.8 82 11.7 427 176 633 2.8 241 09 176 0.0 0.0 00 00
Z1/8 0.0 0.5 222 6.6 53.6 42 422 42 100 42 332 038 1.3 0.0 00 00 0.0
Z2/1 1.8 1.8 56.2 164 100 164 877 123 88.1 64 543 14 269 1.8 23 00 00
7272 0.7 1.4 49.1 10.7 765 83 484 6.2 100 5.2 38.1 0.7 11.8 0.3 24 00 00
Z72/3 5.9 6.3 615 196 39.6 13 40 12.6 100 6.3 533 37 122 0.0 0.0 00 00
72/4 0.3 0.8 105 4.7 30.7 55 348 6.1 100 6.1 594 1.1 169 03 25 00 0.0
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samples is dominated mostly by Carex spp. (e.g. Z1/2, Z1/5,
72/3) and Phragmites australis (e.g. Z1/5, Z2/1). The presence
of these species in sediments is associated with the presence of
medium- and long-chain n-alkanes (Nott et al. 2000; Nichols
et al. 2006). The results of Spearman’s correlation showed a
significant relationship between a high content of Carex spp.
and the value of C; in the sample, rs=0.45 (p=0.03, with an
assumed significance level of p<0.05). A similar relationship
was observed in the case of Phragmites australis, which also
shows a high correlation with C,; (rs=0.66), C,q (1s=0.67),
and C;; (rs=0.68) at a level of significance of p <0.05. For the
remaining medium- and long-chain n alkanes, no significant
correlation was found. The genesis of high CPI values (Figs. 2c,
3c) can be explained by comparing them with the species com-
position (Table 1). There is a correlation between a high propor-
tion of vascular plants and higher CPI values in most samples
(e.g. Z1/3,71/6,72/4). 1t is well illustrated, for example, by the
significant correlation between the share of wood fragments or
tree leaves in the sediment and the share of n-C,q (rs=0.68,
p=0.0004). The other samples do not show such clear depend-
encies. This seems to be related to the variation in the produc-
tion of n-alkanes in different parts of specific plant species. An
example is vascular plant species whose leaves show a higher
concentration of n-alkanes than Sphagnum and other moss spe-
cies (Ficken et al. 1998, 2000). The predominance of long-chain
n-alkanes over short-chain in the study profiles is characteristic
of terrestrial organic matter (Peters and Moldowan 1993). This
is reflected in the botanical composition of the peat samples.

The interpretation of the results on n-alkane content in
high-moor peat with regard to low-moor peat is open to debate
if based on data in the literature. On account of the small num-
ber of studies on biomarkers occurring in transitional and low-
moor peat, some authors use the same markers as occur with
high-moor peat (Andersson et al. 2011; Andersson and Meyers
2012; Pastukhov et al. 2018).

However, the results on the contents of alkanes in low-moor
peat presented by Pastukhov et al. (2018) present similar con-
clusions to the data which were obtained from the ZapadzZ
peatland. The peatlands in north-eastern Europe and on the
Zapadz site were dominated by long-chain n-alkane homo-
logues (C,;, C,9) whose bioproducers are higher vascular
plants. In the sites described by Pastuchow et al. (2018) and the
Zapadz peatland, a large proportion of homologous n-alkanes
of medium chain length (C,;, C,5) were also found.

5 Conclusions

The results of the palaeobotanical analysis made it possible to
determine the hydrological changes in the ZapadZ peatland.
During the formation of the ZapadzZ peatland, wet conditions
mainly prevailed with slight drying and a fire episode.

The n-alkanes found in individual layers were charac-
teristic for peatland vegetation groups. The results indicate
that the content of n-alkanes in general reflects vegetation
changes in the individual phases of peatland formation.

The degree of peat decomposition had no significant
effect on the distribution of n-alkanes. Only in the case of
individual samples can it be assumed that the influence of
the degree of degradation could have been significant. The
results do not provide a clear assessment of the intensity of
the impact on the distribution of the peat’s right to distrib-
ute the n-alkanes. In the future, research should be supple-
mented with a combination of markers or an association with
the other proxies (e.g. n-alkenes) proposed in the publication
Schellekens and Buurman (2011).

Research has shown that analysis of the composition of
n-alkanes as biomarkers is generally a good tool enabling
the reconstruction of vegetation changes and hydrological
conditions, not only in ombrotrophic peatlands, but also in
low-moor and transitional peatlands. Thus, this may be used
in studies on the history of river valley ecosystems where
ombrotrophic peatlands are usually absent. However, due to
its limitations, it should only be used as a valuable supplement
to classical palaeobotanical and palaeozoological methods.
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