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Geochemical and plant macrofossil analyses of the Zabieniec mire deposits and the palaeoenvironmental changes they re-
cord of the past several thousand years constitute an important source for palaeogeographical reconstruction of the Polish
Lowland. We describe the phases of the basin’s development from the final part of the Plenivistulian (MIS2), through the Late
Glacial and the entire Holocene, encompassing changes determined by both regional and global factors in the surrounding
environment, and habitat transformations in the limnogenic mire. The kettle-hole infill of the Zabieniec mire is the only docu-
mented example in Central Poland of a succession of biogenic deposits exceeding 10 min thickness in such a setting. Depo-
sition initially took place in a lake environment, which led to a shallowing of the lake that persisted until the end of the

Mesoholocene.

Key words: kettle hole, limnogenic mire, geochemistry, macrofossils, denudation, Central Poland.

INTRODUCTION

Peatlands and lakes are important ecosystems, recording
their own history as well as the history of past global and local
events that variously affected their development (Charman,
2002). Additionally, the role that sites of biogenic accumulation
play in the geochemical cycles of major and trace elements is
important on a global scale. Depending on the hydrological con-
ditions of lakes and mires, climate change and human activity,
biogenic deposits can be characterized by various kinds of
lithogeochemistry (Shotyk, 1996; Karasiewicz et al., 2017).

The formation of peat deposits is characterized by a lack of
oxygen and water-rich conditions; such environmental condi-
tions contribute to plant decomposition and, afterwards, to vari-
ous biochemical changes within the deposits. Some contempo-
rary peat bogs and biogenic deposit layers show complex de-
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velopment which included the occurrence of lacustrine and
peatbog phases. The waning of lakes results from deposition
and should therefore be considered in the context of geological
succession (Forysiak, 2012). Kettle hole mires are also formed
as a result of terrestrialisation of the water surface and they are
defined as small (usually <1 ha) but usually deep (locally ex-
ceeding 10 m deep) depression-related wetlands of glacial ori-
gin with water supplied from a closed catchment. Kettle holes
are a common feature of a young glacial landscape (Kalettka
and Rudat, 2006; Karasiewicz et al., 2014; Okupny et al.,
2020). In the Saalian glaciated area, individual examples of
such forms can generally only be found in northeastern Poland
(Zurek, 1990). The Zabieniec mire is the only depression of this
type in Central Poland.

Limnogenic peatlands are situated in these local depres-
sions, and thus transport of terrigenous material from the vicin-
ity affects minerogenic supply. Geochemical data are indis-
pensable for the reconstruction of denudation processes
around such sites of biogenic accumulation (Borowka, 1992;
Pawtowski et al., 2016b). The key assumption of these interpre-
tations is that the main chemical components of biogenic sedi-
ments derive from different sources and that they accumulate in
deposits in different physico-chemical conditions. In order to re-
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cognise the extent of mechanical denudation, and especially
relative changes in this type of process, lithophilic element con-
tents can be used (Al, K, Mg, Ti), as well as the sums of these
elements relative to a normalisation element such as Ca. These
components may be supplied passively as quartz and alumino-
silicate particles or as ions absorbed by clay minerals (Foster
and Dearing, 1987). Through slope erosion, the chemical com-
position of the material supplied corresponds to the chemistry
of local deposits. An important role in the delivery of mineral
constituents is also played by wind. Aeolian processes supply
mineral constituents that are present in the silt fraction and con-
tent of lithophilic elements to peatlands (Rydelek, 2013;
Okupny et al., 2019).

This study examines how the major and trace element in-
puts responded to local and regional environmental influences
during the Late Glacial and Holocene at Zabieniec. Plant
macrofossils have been used in typology of the sediments and
as indicators of the sediments’ local habitat conditions. In study-
ing biogenic sediments, macrofossil analysis is vital to distin-
guish properly between limnic (a layer at the bottom of the lake)
and telmatic-terrestrial (settling of autochthonous organic mat-
ter) depositional environments. Concentrations of the major el-
ements and trace elements, and the ratios between these, can
be used in reconstructions of environmental changes affecting
biogenic accumulations and their surroundings. This is a con-
tinuation of multi-proxy studies focused on kettle holes located
beyond the main stagnation lines of the Vistulian ice sheet
(Lamentowicz et al., 2009; Ptéciennik et al., 2011; Pawtowski,
2012; Majecka et al., 2018).

STUDY SITE

The kettle hole mire at Zabieniec (geographical coordi-
nates: 51.85029 N, 19.77772 E) is in Central Poland, ~25 km
east of £6dz (Fig. 1A). It is located in the northern part of the
£6dz Hills on a morainic upland 183 m a.s.l. (Fig. 1B). This re-
gion has relatively fewer mires than in other parts of Central Po-
land (Okupny et al., 2014). The mire is located in a 1.5 km long,
closed oval basin, in the watershed of the rivers Mrozyca (to the
west) and Mroga (to the east; Fig. 1C). This basin was formed
as a melt-out depression with a very irregular bottom topogra-
phy when buried ice melted at the end of the Warta Stadial —
MIS6 (Lamentowicz et al., 2009; Forysiak and Twardy, 2010). It
is surrounded by morainic and glaciofluvial hills (Fig. 1C). To
the south, the upper section of a large denudational valley lead-
ing to the Mrozyca Valley extends to the depression. The
Zabieniec kettle is surrounded by a dozen or so depressions,
which have been filled of mineral deposits, and protect the
deep, central form. The buried segregation ice lenses probably
helped preserve it during the Upper Plenivistulian interval, as in
the Kleszczéw area (Gozdzik and Konecka-Betley, 1992).

MATERIAL AND METHODS

FIELDWORK

The surface geological structure was documented using a
hand-held geological drill, and five exposures were also made
to show the lithology of the deposits in the mire’s direct catch-
ment area. Boreholes were used to determine the geological
structure to a depth of several metres. The thickness of

biogenic deposits in the area of the mire was investigated using
a sampling stick (Forysiak and Twardy, 2010). The sediment
core for analysis, Z-2, was collected using a piston corer where
the thickest organic deposits were found, in the deepest de-
pression lying in the central part of the mire. The 16.37 m thick
Zabieniec depositional sequence consists of: sand; mineral and
organic silt; various types of gyttia and sedge-moss peat;
Sphagnum peat; and brown moss peat (Fig. 2). In the labora-
tory the Z-2 core was divided into five-centimetre slices that
were then split for individual analyses.

PALAEOBOTANICAL ANALYSIS

In the laboratory, gyttja and peat samples were collected
from different layers of the core and their palaeobotanical com-
position was determined. The material for this analysis com-
prised samples taken at various intervals (between 5 and
110 cm), depending on changes in lithology. In total, 48 sam-
ples were collected, each with a volume of ~30 cm®. Each sam-
ple was boiled in 10% NaOH, then rinsed under running water
on a sieve with a mesh diameter of 0.2 mm. From the fraction
that remained on the sieve, 10 microscopic preparations were
made from each sample. The residue was identified under a
Nikon Eclipse E 200 stereoscopic microscope and the percent-
age of each of the components distinguished was calculated. In
identification of plant macroremains, appropriate keys and at-
lases were used (e.g., Katz et al., 1977; Tobolski, 2000;
Mauquoy and van Geel, 2007). The nomenclature of vascular
plants follows Mirek et al. (2002), and that of mosses Ochyra et
al. (2003). Changes in the stratigraphy of Z-2 profile represent-
ing the kettle hole under study against a depth scale includes
six categories (brown mosses; Sphagnum mosses; Ericaceae
including Oxycoccus palustris, Ledum palustre and Andromeda
polifolia; aquatic plants such as Potamogeton natans and
Ceratophyllum demersum; telmatic vegetation; and unidentified
plants).

GEOCHEMICAL AND GRAIN-SIZE ANALYSIS

The investigation concerned 219 samples taken from the
Z-2 core (depth 0.02—16.37 m) at 5 cm intervals. Samples were
processed according to the standard procedure (Borowka,
1992). Sediment samples were dried at 105°C and homogen-
ised in an agate mortar. The organic matter (OM) content was
determined by loss on ignition (LOI) at 550°C, following the pro-
tocol described by Heiri et al. (2001). The Scheibler volumetric
method was used to determine the calcium carbonate (CaCO3)
content of the deposits. The pH of the deposits was determined
by the potentiometric method. The ash produced by combus-
tion was analysed for grain-size-related and geochemical prop-
erties.

Grain-size analysis of the mineral part (for 158 samples)
was carried out in a Fritsch Analysette 22 laser particle sizer,
which processes samples of 300—0.3 um mean grain size. In or-
der to perform geochemical assays, the ash samples were dis-
solved in Teflon bombs using a microwave mineraliser. Prepa-
ration was carried out in two microwave cycles: the first in con-
centrated nitric acid with 2 ml of 10% hydrochloric acid and the
second in hydrogen peroxide. The solution obtained was ana-
lysed for concentrations of Na, K, Ca, Mg, Fe, Mn, Cu, Zn and
Pb using atomic absorption spectrometry (AAS). All the analy-
ses were conducted at the Geochemical Laboratory at the Uni-
versity of Szczecin.
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Fig. 1. Location of the Zabieniec site: A — in Poland, B — in the northeastern L6dz Hills, C —
geomorphological setting of the study area

RADIOCARBON DATING

Radiocarbon dates were obtained on 12 samples of organic
matter or peat layers from the Z-2 core (Table 1). Material for ra-
diocarbon dating was obtained on the basis of macroscopic
plant remains (i.e. Sphagnum stems). These samples were
dated using accelerator mass spectrometry (AMS) in the
Poznan Radiocarbon Laboratory (Poz); all other samples were
dated using radiometric methods in the £6dz Radiocarbon Lab-
oratory (Lod). The results of radiocarbon dating and a detailed

stratigraphic framework for the Zabieniec mire were published
by Lamentowicz et al. (2009) and Pawlowski (2012). Conven-
tional radiocarbon dates were calibrated using OxCal 4.2.2
(Bronk Ramsey, 2009) and the IntCal13 calibration curve
(Reimer et al., 2013).

STATISTICAL ANALYSIS

A geochemical zonation was constructed based on a con-
strained cluster analysis with PAST version 2.17c software
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Fig. 2. Geological profile (WE) of the Zabieniec mire (after Forysiak and Twardy 2010, modified)

Warta Glaciation (=Saalian): 1 — glacial till, 2 — fluvioglacial sand and gravel, 3 — mineral silt; Eemian Interglacial: 4 — organic silt; Vistulian
(=Weichselian): 5 — mineral-organic silt with fine sand, 6 — organic-mineral silt, 7 — sand, 8 — mineral and organic silt, 9 — gyttja with silt, 10 —
detritus-clay gyttja; Holocene: 11 — fine detritus gyttja, 12 — coarse detritus gyttja, 13 — brown-moss peat, 14 — sedge-moss peat, 15— Sphag-
num peat, 16 — sedge-moss peat, 17 — Sphagnum cuspidatum peat, 18 — sedge-moss peat and brown moss peat, 19 — organic-mineral silt

with detritus, 20 — silt, 21 — deposits disturbed by exploitation

(Hammer et al., 2001). The cluster analysis applied for the pur-
pose was based on constrained incremental sum-of-squares
clustering. This frequently used method is thought to be one of
the best agglomeration techniques (Mangiamelli et al., 1996).
The percentage contributions of individual fractions and textural
parameters such as mean diameter (Mz), sorting (SD), skew-
ness (Sk) and kurtosis (KG) were calculated according to Folk
and Ward (1957) and using GRADISTAT software (Blott and
Pye, 2001).

Results of radiocarbon datin

Principal Component Analysis (PCA) is one of the basic or-
dination techniques applied to data in palaeolimnology
(Legendre and Birks, 2012). This statistical technique is used to
determine the variability of factors controlling the chemical com-
position of lake and peat deposits. This analysis was performed
on a correlation matrix of major and trace elements, organic
matter and non-carbonate mineral matter. To assign the same
weight to all measurements, each variable in the original data
set was standardised by subtracting its mean and then dividing

Table 1

of deposits from the Z-2 core

(after Lamentowicz et al., 2009; Forysiak, 2012, modified)

) Calibrated age
SE?np;Fe Lab code Rg‘é‘g‘zgfg)f’” (cal BP) 95%

[cm] intervals median
1 45 Poz-19019 645 +50 674-545 606
2 60 Poz-17117 1085 +30 1056-935 992
3 120 Poz-17116 1475 35 1415-1298 1360
4 305 Lod-1391 3010 +£50 3359-3063 3212
5 375 Lod-1390 3690 £50 4220-3886 4030
6 436 P0z-23658 4580 +35 5448-5057 5298
7 531 P0z-23638 6270 +40 7274-7025 7208
8 826 Poz-23639 9130 +50 | 10479-10204 10289
9 1036 Poz-23640 11860 +60 | 13858-13479 13713
10 1290 Poz-23659 14120 £70 | 17521-16900 17168
1" 1355 P0z-29620 26240 +90 | 30698-31169 30968
12 1535 P0z-29713 18330 £90 | 22236-21510 21873
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by its standard deviation: a; = (x;— x))/c;, where ajis the value af-
ter standardisation, x; is the value before standardization, x; is
the mean value of geochemical properties and o; is the stan-
dard deviation.

The Pearson correlation matrix was calculated separately
for 10 chronozones. The profile was divided on the basis of
chronology, i.e. independently of the geochemical features ana-
lysed. The variability in conditions of sedimentation was esti-
mated on the basis of the correlations of results of different
measurements as was done by Walanus (2000). In the case of
the Z-2 core, the |r| marker was calculated for 10 variables (geo-
chemical properties) as a moving mean.

In order to determine the intensity of migration of major and
trace elements of fill deposits, use was made of the procedure
proposed by Borowka (1992): Ky = ACy/ny (where: AC, — the
content of element x in the ash from deposits filling a biogenic
accumulation reservoir, n,—the average content of element x in
the bedrock and, as a result we obtained a dimensionless coef-
ficient of the concentration of element — K,). The geochemical
background was calculated as the average of the results of de-
terminations of individual elements for deposits of the Zabieniec
mire substratum (sandy deposits underlying a series of biogenic
deposits in the Z-2 profile) and clayey sands and tills, which
constitute the parent rock for soils of the northeastern £6dz Hills
(Konecka-Betley and Czepinska-Kaminska, 1979).

RESULTS

GEOLOGICAL AND GEOMORPHOLOGICAL STUDIES

In its natural state, the entire surface of the mire was cov-
ered by peat. The immediate surrounding of the mire is com-
posed of mineral-organic silts deposited in the Holocene and
Late Glacial. The mire is the lowest part of a meltout basin. Far-
ther from the mire, the surface is built of Late Glacial deluvial
sands and silts (Forysiak and Twardy, 2010). Nowadays, be-
tween the surface of the mire and meltout basin surrounding it,
there is a height difference of ~2—3 m. Within it catchment there
are several small buried meltout kettle-holes, most of them filled
with mineral and mineral-organic deposits. Larger height differ-
ences (of 10 metres or a little more) are visible on the slopes of
the basin. The lower parts of the slopes consist mainly of sands
and deluvial silts, while the middle and upper sections are made
of glacial and glaciofluvial sands and gravels and glacial till, de-
posited during the Saalian Glaciation (Warta Stadial). In addi-
tion, palynological analysis of the core taken from the edge of
the Zabieniec kettle hole indicated the presence of Eemian ma-
terial at the depth of ~10 m (Forysiak and Twardy, 2010).

RESULTS OF PLANT MACROFOSSIL ANALYSIS

15 local plant macrofossil assemblage zones (L MAZ:
Z2-ma-| to Z2-ma-VIl) were distinguished in the sediment core
from the central part of the Zabieniec mire. The zones corre-
spond to the seven basic stages of wetland development
(Fig. 3). The graph shows the percentage share of plant
macrofossils in the biogenic deposits of the zones recognized,
the percentage values of individual components in the respec-
tive zones totalling 100%.

Z2-ma-l (3.80-8.30 m, lake reservoir): detrital gyttja with
layers of moss peat accumulated in the depression. Z2-ma-la
(6.05-8.30 m): corresponds to fine detrital gyttja with an interca-
lation of coarse detritus gyttja, in which the share of
Drepanocladus aduncus reaches ~50%. There are numerous

fragments of aquatic plants throughout the layer, such as
Potamogeton natans and Ceratophyllum demersum. At the
depth of 3.80-6.05 m of the core there is a peculiar interlayering
of coarse detritus gyttia (Z2-ma-Ic, e, g) and moss peat
(Z2-ma-Ib, d, f). The presence of mossy plant communities indi-
cates periods when the lake became shallow. In the Z2-ma-Ib
to d levels, at the depths 5.90-6.05 m and 5.20-5.40 m, there
was a floating mat built of Drepanocladus sendtneri. In the
Z2-ma-If level at the depth of 4.05-4.10 m, Pseudocalliergon
trifarium dominates. At these, brown mosses were occasionally
accompanied by sedges and peat mosses.

Z2-ma-ll (3.20-3.80 m, fen): at the end of the Atlantic pe-
riod, after the lake had become shallow, continuous accumula-
tion of peat took place in the Zabieniec mire basin.

Z2-ma-lla, Caricetum lasiocarpae bryopsidaetosum,
3.60-3.80 m. Drepanocladus sendtneri and Pseudocalliergon
triforium predominate in a wet layer of moss peat.

Z2-ma-llb, Caricetum lasiocarpae typicum, 3.20-3.60 m.
The share of brown mosses decreased in the plant communi-
ties. Sedges prospered, namely: Carex lasiocarpa, C. nigra, C.
rostrata and C. elata.

Z2-ma-lll (1.20-3.20 m, transition bog): in the middle of the
Subboreal the inflow of groundwater from the surrounding
catchment was reduced. In the surface layer, wet conditions de-
veloped under the influence of capillary rise, as precipitation in-
creased.

Z2-ma-llla, Caricetum lasiocarpae  sphagnetosum,
2.15-3.20 m. Sedge-moss communities were characterized by
a large share of Carex lasiocarpa, C. nigra, Scheuchzeria
palustris, and Eriophorum angustifolium. There was a small ad-
mixture of peat mosses.

Z2-ma-lllb, Scheuchzerio-Caricetum limosae,
1.20-2.15 m. Scheuchzeria palustris and Carex lasiocarpa ap-
peared alongside C. imosa. There was a large share of Sphag-
num magellanicum, S. subsecundum and, less frequently,
S. fallax peat mosses. Among the plant remains, Oxyccocus
palustris and Ledum palustre dwarf shrubs were also identified.

Z2-ma-IV (Sphagnetum magellanici, 0.62—1.20 m, raised
bog): in the first half of the Subatlantic the beginning of raised
bog peat accumulation was recorded. The bog became subject
to an ombrotrophic water regime. This phase was character-
ized by the dominance of peat moss — mainly Sphagnum
magellanicum. Dwarf shrubs were present — Oxycoccus
palustris, Ledum palustre, Andromeda polifolia. Remains of
Eriophorum vaginatum and Scheuchzeria palustris were also
identified.

Z2-ma-V (Sphagnum-Carex rostrata, 0.38—0.62 m, transi-
tion bog): the plant community was dominated by the peat
mosses Sphagnum magellanicum and S. fallax. The
ombrotrophic dwarf shrubs Ericaceae and Eriophorum
vaginatum were present. The share of sedges increased, in-
cluding Carex rostrata and C. elata.

Z2-ma-VI (Carex nigra-Carex elata, 0.15-0.38 m, fen): the
plant community was dominated by the sedges Carex nigra,
C. elata, C. rostrata and C. lasiocarpa. The peat mosses and
brown mosses disappeared. The development of a Carex
nigra-Carex elata community attests to a marked increase in
the habitat’s richness in minerals.

Z2-ma-VIl (Sphagnum fallax-Carex nigra, 0.00-0.15 m,
transition bog): peat mosses reappeared among the plants
identified. These were mainly Sphagnum palustre and S. fallax.
The plant community composition was also characterized by
the presence of the sedges Carex nigra, C. canescens and re-
mains of the Poaceae grasses. The brown mosses included
Straminergon stramineum and Brahythecium rivulare.
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Fig. 3. Botanical composition of biogenic deposits from Z-2 core

GEOCHEMICAL AND TEXTURAL STRATIFICATION
OF THE Z-2 CORE

Based on the varying contents of two main components of
deposits (OM and MM) and macro- and microelement concen-
trations, seven main geochemical zones are distinguished,
coded GZ I-VII (Figs. 4 and 5).

GZ 1 (16.12-16.37 m) — represents sands varying in grain
size (Fig. 4). The median (Mz) for these deposits ranged from
2.25 to 3.19 phi, and the mean was 2.67 phi (Fig. 5). They have
low OM content (up to ~0.9%), while CaCOj; is completely lack-
ing, and all elements are in low concentrations (Fig. 4).

GZ 1l (14.62-16.1 m) — is composed of very fine-grained
sands with mineral matter averaging 97.5%. The sediments
analysed are moderately sorted (SD ranged from 1.13 to
1.4 phi). They are characterized by high contents of Mn (aver-
age is 5.3 mg/g), Fe (average is 9.9 mg/g), K (average is
2.18 mg/g) and Pb (average is 11.1 ug/g). The Fe/Mn ratio is
minimal throughout the whole profile (average is 1.81). The
sediment pH is neutral (6.8—7.2).

GZ Il (11.05-14.62 m) — represents moderately sorted
sandy silt (Mz ranged from 3.14 to 4.99 phi and SD ranged from
1.05 to 1.4 phi). It has low OM content (up to ~4%) and a grad-
ual increase in CaCOj3; content (from 10 to 16%). This zone is
distinguished by the highest concentrations of Mg (up to
5.7 mg/g) and K (up to 3.67 mg/g). This results in very high
Na+K+Mg/Ca and very low Na/K ratios. The sediment pH is still
neutral, often exceeding 7.0.

GZ IV (8.32—-11.05 m) — represents detrital-clay gyttja with
the OM content gradually increasing upwards in the profile to its
maximum values (of 63.8%) at 8.47 m depth. These are mainly
silt deposits (mean 69.8%), with ~25.1% of sand. Very fine silt
and clay account for only 5%. The concentrations of Ca, Mg, Mn
and content of CaCOs3 decrease. The sediments of this zone
have high K and Na contents, which are also the maximum con-
centrations for the whole profile at 5 mg/g and 0.37 mg/g, re-
spectively. The Fe/Ca ratio is highest (>3) of all the zones in the
core. The pH decreases abruptly in this zone (from 7.8 to 4.5).
GZ V (4.05-8.32 m) — is distinguished by a rapid decrease in
lithophilic element contents (Na, K and Mg). Only Zn increased
in this zone (to 328.6 pg/g), while the concentrations of Cu and
Fe fluctuate around their average values calculated for the
whole core. The OM content increases in the brown moss peat
(to 96.4%). This zone has low Fe/Mn, Fe/Ca and Na+K+Mg/Ca
ratios. The three periods of increased |r| values corresponds
with the periods of increased Na/K and Cu/Zn ratios. The pH of
the deposits is also low, not exceeding 5.8.

GZ VI (0.45-4.05 m) — represents the sedentation of
autochthonous rock-forming matter (increase in OM content to
97.9%) and associated changes in Na/K, Fe/Mn and Cu/Zn ra-
tios. The concentrations of Ca, K, Mg, Zn and Fe are also low,
while the contents of other elements fluctuate around their aver-
age values calculated for the whole profile. The two periods of
increased |r| values correspond with decreases in Fe/Mn and
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Explanations as in Figure 4

Cu/Zn ratios. The peat-forming community was characterized
by strong acidification (pH range 4.3-5.2).

GZ VII (0.00-0.45 m) — is composed of sedge peat and
sedge-moss peat with very varying OM content (36-95.4%),
which reaches three maxima exceeding 80%. The only low
concentrations are of Cu and Mn, while the concentrations of
other elements fluctuate well above their average values calcu-
lated for the whole core. The Fe/Mn, Fe/Ca, Na+K+Mg/Ca and
|r| ratios increase in this zone. The acidity of the sediment con-
tinues to stay at 4.3-4.7.

The first two factors are significant (PC1 and PC2), which
explains a total of 64% of the variance (Fig. 6A). The first com-
ponent (PC1), which explains 50% of the total variation, is ex-
plained mainly by the content of lithophilic elements (Na, K, Mg)
and to a lesser extent by the organic matter. The second com-
ponent (PC2) is less important (it explains 14% of the geo-
chemical variability of the deposits). This eigenvector is ex-
plained mainly by Cu, Zn, Mg and Na contents, and to a lesser
extent by concentrations of Ca, Pb and Mn (Fig. 6B). The factor
value curves in the Z-2 profile indicate a close relationship be-
tween changes in lithogeochemical component contents and
lithological changes (Fig. 6C).

INTERPRETATION AND DISCUSSION

DEVELOPMENT HISTORY OF THE ZABIENIEC MIRE

7 phases of mire development and palaeonvironmental
change are distinguished in the Zabieniec site and the sur-
rounding area, and the correlation between these and the
lithogeochemical succession is compiled in Figure 7, while the
lithology, chronostratigraphy and macrofossil biostratigraphic
and geochemical zones are summarised in Figure 8.

PHASE 1: LAKE-BOTTOM FORMATION
(16.40-16.10 m; ~22,000- 20,000 cal yr BP)

This phase includes mineral deposits forming the substrate
for the overlying basin infill. This unitis made up of Plenivistulian
and Late Glacial sands and silts resulting from denudation in
cold climate conditions. Similar deposits also make up the bot-
tom part of the infills of buried depressions in the vicinity of the
mire (Forysiak and Twardy, 2010; Forysiak et al., 2017;
Majecka et al., 2018). They are characterized by a low content
of lithophilic elements, resulting in very low Na/K and Na+
K+Mg/Ca ratios. A further phase of biogenic accumulation — af-
ter the final shaping of the lake basin — was determined by cli-
matic and hydrogeological factors and the morphology of the
lake basin, as well as the processes taking place in its direct
catchment area. Among these processes were the formation of
numerous syngenetic ice wedges and other subterranean ice
types and, under increasingly arid conditions, a reduction in
vegetation cover as well as increasing wind activity. These pro-
cesses were the initial stages in development of numerous res-
ervoirs in Central Poland (Gozdzik and Konecka-Betley, 1992;
Bezkowska, 1997; Klatkowa, 1997).

PHASE 2: UPPER/LATE GLACIAL LAKE SEDIMENTATION ENVIRONMENT
(16.10-9.00 m; ~22,000~11,500 cal yr BP)

The lake sediments recorded during this phase have highly
variable concentrations of almost all elements and grain sizes,
with many sandy and silty intercalations. The bulk geochemical
composition of the profile analysed can be divided into four
subphases of the lake’s development at Zabieniec.

In the bottom part (below 14.62 m) the sediments have alka-
line geochemistry, probably related to the decalcification of the
catchment area (sediment pH often exceeds 7.0 with a calcium
carbonate content of 6 to 13%). Relations between OM, MM
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Correlation coefficients (r) are calculated for each pair of geochemical properties in 10 geological intervals independently for the Z-2 core

and CaCO; are typical of clay and clay-calcareous gyttjas. A
high calcium carbonate content in the initial phase of the lake
basin may have been cryochemically introduced in part. Ac-
cording to Bukowska-Jania (2003), cryochemical calcium car-
bonate crystallising under periglacial conditions was maximally
susceptible to redissolution and migration, and was the first to
reach the meltout depressions. However, accumulation of cal-
cium carbonate in tundra water bodies with the participation of
aquatic vegetation cannot be ruled out. The oxidising condi-
tions prevailing in the lake basin enabled the precipitation of
manganese compounds.

At a depth of 14.62 to 12.00 m lacustrine silt with sand
mainly occurs, with a low concentration of copper and zinc.
However, the most dramatic decrease in precipitation in the
lake basin was of manganese, the concentration of which de-
creased almost thirtyfold in the section studied. Probably, as cli-
mate ameliorated prior to the Kamion phase, lake level rose,
leading to a reduction in oxygen levels in the bottom zone, thus
strongly limiting the precipitation of manganese hydroxide
(tacka et al., 1998). Also, with a higher water level, surface run-
off from the lake could have started, resulting in at least a partial
outflow of dissolved manganese compounds.

The chemical composition of the next subphase (depth
9.00-12.0 m) records environmental changes in the interval im-
mediately preceding the Holocene. The Late Glacial began with

a change in sedimentary character, as already recorded in de-
trital-clay gyttja with low organic matter content (3—5%), slightly
higher pH (average pH 7.5) and a high proportion of calcium
carbonate (14-16%). The silt grain size (homogeneous silt with
some very fine sand) indicates stable conditions for the supply
of fine mineral material from the catchment, and the abundance
of this sediment suggests that the area had poor vegetation
coverage. This stage of the reservoir's development is also re-
corded in an increase in iron concentration, especially in rela-
tion to the manganese and calcium contents. The first period in
which reducing conditions dominated, as expressed by a sharp
increase in the Fe/Mn ratio, was documented for the Oldest
Dryas. However, the highest value of this indicator (of >150)
was found for lake sediments deposited as the Bglling gave
way to the Older Dryas. In the Oldest Dryas the catchment ero-
sion rate is also at its maximum (Na+K+M/Ca >11) and the sed-
imentation dynamics index |r| doubles. The lake basin was then
being filled at a rate of ~1.2 mm/year, which is higher than the
average for the entire Z-2 profile (0.9 mml/year). The Older
Dryas sediments also saw a marked increase in Zn concentra-
tion, which is probably related to an influx of birch leaves into the
lake, these having a particularly high bioaccumulation capability
for this metal (Fortescue, 1980). This, in turn, may explain the
increase in trophic index (Fe/Ca value often >3) and the moder-
ately high organic matter content (31—-42%). In the Late-Glacial
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lake deposits from the Z-2 core, most elements correlated posi-
tively, especially in the warming phases of the Bglling and
Allergd (Fig. 7).

The cooling of the Younger Dryas in Central Poland brought
a return of steppe tundra (Ralska-Jasiewiczowa et al., 2004;
Majecka et al., 2018). In sediments containing detrital-clay
gyttja with an admixture of sand (up to 40%), mineral matter and
lithophilic elements increased. The sharp increase in such geo-
chemical indices as |r|, ZK, Na+K+Mg/Ca and PC1 indicate
rapid environmental changes towards cold and wet climate
conditions during the Younger Dryas in the northern £6dz Hills.

PHASE 3: EARLY TO MIDDLE HOLOCENE LAKE SEDIMENTATION ENVIRONMENT
(9.00-3.80 m; 11,500-4,130 cal yr BP)

In the lake deposits studied, a record of Early to middle Ho-
locene environmental changes is found in the fine detrital gyttja
and coarse detrital gyttja interlayered with brown moss peat
(depth 3.80-8.75 m). At the time, the lake basin was filling at a
rate of 0.78 mm/year, lower than the average for the entire Z-2
profile. At the bottom of the succession, the organic matter con-
tentis in the range of 7-25%, but then quickly increases to 93%
at a depth of 8.02—-8.12 m. A clear decline in the supply of mate-
rial from mechanical denudation is recorded in concentrations
of lithophile elements (Na, K and Mg) dropping by well over half.
The Fe/Mn and Na+K+Mg/Ca rations, and the |r| and =K indi-
ces decrease significantly. In the lake deposits dated to the
Preboreal, Boreal and the beginning of the Atlantic period,
mainly fine detrital gyttja was documented, with a very high and
stable organic matter content (84-96%) and a variable pH of
4.7-6.5. The rate of gyttja sedimentation in the reservoir in-
creased to 1.03 mm/year with a concurrent decrease in the con-
tent of lithophilic elements (Na, K and Mg). There is an increase
in Ca, Mn and Cu, these being elements that migrate more eas-
ily as a result of chemical denudation (Borowka, 1992). The in-
crease in Na/K and Ca/Mg ratios attests to vegetation growth in
the lake’s surroundings and to the previously dominant me-
chanical denudation being replaced by soil leaching processes
and the sub-surface transport of soil solutions. In the section
classified as Eoholocene and Mesoholocene, the total AP was
high (98%), mainly due to Betula, Pinus, Corylus and Alnus
(Majecka et al., 2018).

PHASE 4: LATE HOLOCENE FEN AND TRANSITIONAL PEATLAND
(3.80-1.20 m; 4,130—1,370 cal yr BP)

Sedimentation in this phase are marked by a persistent
propagation first of fen (eutrophic mire) and then transition bog
(mesotrophic mire), as manifested by a gradual decrease in the
proportion of brown mosses alongside an increase in that of
sedge communities. The clear drop in iron concentration may
have been caused by a change in the water cycle in the
mid-moraine-upland forest ecosystem. A decrease in iron mo-
bility and its immobilisation within the soil cover results from the
cessation in surface gleying of soils and a predominance of oxi-
dising conditions (Konecka-Betley, 2001). The Na/K and
Cal/Mg ratios generally indicate an increase in chemical and
mechanical denudation processes. From the beginning of this
phase, the average sedentation rate of autochthonous organic
matter was 1.2 mm/year.

In the middle part of the phase (depth 2.15-3.20 m) signifi-
cant changes in Na, and a slight increase in K, contents, are re-
corded, while Ca content decreased. According to the
age—depth model, the highest Cu concentration in the whole
profile (>67 pg/g) and a marked increase in Zn concentrations
(from 15.2 to 58.8 ug/g) probably correlate with the activity of
Bronze Age human communities. At the same time, there are

significant differences in the Na/K and Cu/Zn ratios. The in-
crease in the sum of concentration coefficients (ZK) and the
sedimentary conditions dynamics index || may constitute a
geochemical record of matter originating from local deforesta-
tion in the Mroga and Mrozycy valleys being fed to the
allochthonous peatbog by aeolian supply (Twardy, 2011).

At the top of this phase (depth 1.20-2.15 m) there was a
slight increase in the concentrations of Ca, Mg, Fe and Cu, with
concurrent marked increases in the Fe/Mn, Cu/Zn and Na/K ra-
tios. The index |r| drops dramatically at the same time as a
steady increase in the sum of concentration coefficients K.
This situation attests to an increase in the water level in the
peatland, the reappearance of reducing conditions and the pre-
dominance of chemical denudation processes. This subphase
probably corresponds to the Iron Age and the subsequent Mi-
gration Period (1820-1370 years BP). During the period of Ro-
man influence in the Iron Age, the fourth phase of the Holocene
transformation of relief (Twardy, 2011) is considered the most
important prehistoric phase as regards the £.6dz region.

PHASE 5: LATE HOLOCENE RAISED BOG
(1.20-0.48 m; 1,370-680 cal yr BP)

In the Z-2 core deposits at a depth of 0.48—1.2 m, raised bog
peat, Sphagnum peat and valley peat occur, with a little mineral
matter (<3%) and decreasing pH (from 4.8 to 4.3). The
raised-bog peat succession is marked by a several-fold in-
crease in Pb and Zn content. These metals were found to corre-
late negatively with magnesium and calcium, which means that
their concentration was not related to groundwater supply to the
bog, but to atmospheric input. In this phase a significant in-
crease in Ca, Fe, Cu and Mg concentrations was recorded. The
sum of concentration coefficients XK also gradually increases,
alongside a decrease in the sedimentation conditions dynamics
index |r|. The beginning of raised bog peat accumulation oc-
curred at ~1474 +35 years BP (calibrated age: AD 530-660),
i.e. the early Middle Ages. The sediment geochemical results
given above indicate, however, that the immediate surround-
ings of the mire probably had no settlements at that time. The
sum of NAP, which was initially only ~3%, increases to 10%
only towards the end of this phase (Balwierz, 2010; Majecka et
al., 2018).

PHASE 6: LATE HOLOCENE FEN AND TRANSITIONAL MIRE
(0.48-0.00 m; 680 cal yr BP until present)

This phase is associated with the initial sedentation of
moss-sedge transition peat, then fen-moss peat, and at the top
of the profile a return to moss-sedge transition peat. High vari-
ability in depositional conditions is indicated by rapid changes in
the peat’'s mineral content (variations ranging from 4.8-64%), a
decrease in the peat sedimentation rate (from 1.53—
—0.35 mml/year), fluctuations in the average correlation be-
tween the indicated metals |r| (ranging from 0.05 to 0.76) and a
clear increase in the sum of concentration coefficients ZK (from
11 to 32).

The beginning of disturbance to the natural development of
peat bogs towards oligotrophic Sphagnum peatlands can be
correlated with human activity at the beginning of the late Mid-
dle Ages. The increase in the basin erosion index (Na+
K+Mg/Ca) is a geochemical record of deforestation in the peat
catchment area, probably associated with the nearby establish-
ment of the village of Bielanki. The very low Na/K index results
from the beginning of mechanical denudation within the basin.
Some of the elements were primarily transported with the min-
eral parts of soil (K, Mg, Fe and Pb), while others (Mn, Cu and
Zn) came with its organic components. Agricultural intensifica-
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tion is indicated by the increased sum of NAP and by pollen
from arable crops (Balwierz, 2010), as well as at numerous sites
in the nearby Mroga valley, where the timing of soil cover ero-
sion was determined (Twardy, 2008).

THE CHARACTER AND INTENSITY OF ELEMENT MIGRATION
DURING THE LATE GLACIAL AND HOLOCENE

Geochemical studies on the northern £6dz Hills have dem-
onstrated the main phases of Upper/Late Glacial and Holocene
(natural and anthropogenic) environmental changes, on both
regional and local scales. There is a direct correlation between
chemical composition and lithology. Vertical plots of chemical
components in the lake Zabieniec deposits, especially OM and
lithophilic elements, reveal similar trends to the majority of
biogenic accumulation sites in Central Poland (Forysiak, 2012).

The lacustrine carbonate sediments at the Zabieniec site
are an indicator of the specific hydrological regime of the Late
Glacial, which was conditioned by the intermittent disappear-
ance of permafrost and the propagation of vegetation. In the
carbonate deposits studied, the average Ca/Mg ratio was 47.9,
while Na/Ca was 0.01, and K/Ca was 0.07. These differences in
composition, especially differences in K/Ca, most probably re-
sult from the sequence of the salt crystallisation of particular
cations water-transported into the lake. The last to precipitate
are potassium and magnesium salts, cations of which can be
removed from the tank by water outflow after precipitation of Fe,
Ca and Na. Small amounts of K in carbonate sediments have
also been documented at many other locations with biogenic
deposits in Central Poland by Gozdzik and Konecka-Betley
(1992) and Pawtowski et al., (2016b). However, the increased
proportion of calcium carbonate in lake sediments may be as-
sociated with an increase in water level in the lake or with an in-
crease in deeper groundwater charging the lake. From the dia-
gram showing the main trends of water level changes in the
Zabieniec basin (Fig. 8), it appears that sediments with an ad-
mixture of calcium carbonate accumulated under variable hu-
midity conditions. Analysis of Cladocera species composition
suggest an increased water level in the basin during the initial
and final carbonate deposition phase (Pawlowski, 2012). Due to
the lack of dating control, it is difficult to unambiguously state
whether the beginning of deposition of carbonate-rich sedi-
ments correlates with the interval of severe climatic conditions
during the recession of the Vistulian ice-sheet after the Leszno
(23-24 ka BP) and Poznan (19-20 ka BP) phases, or with the
Pomeranian Phase (16-17 ka BP) (Kasprzak, 2003; Marks
2012). The second phase of increased humidity, and of the lake
receiving increased delivery of Ca** and HCO; ions from the
dissolution of the rocks in the catchment, can be correlated with
the Older Dryas, with the transition to the Bglling warming in the
upper part.

The plotted curves of K, Na, Mg and Fe concentrations
show a very similar pattern, which is reflected in the strong posi-
tive correlations between the contents of these components in
almost all parts of this profile (Fig. 8). The highest concentration
of lithophilic elements was recorded for lake sediments depos-
ited in the Upper/Late Plenivistulian and Late Glacial. Although
the contents of K, Na and Mg show significant vertical variation,
the proportion of these metals often exceeds local geochemical
background levels by a factor of ten. These metals represent
the greatest migration of elements at geochemical levels GZ II-
GZ IV and the ratio of their sum to calcium is ~8 (Fig. 5). Similar
catchment erosion rates have been recorded for Late Glacial
lake and peat deposits at many sites around £6dz (Forysiak,
2012).

A clear increase in the Na/K ratio in the Holocene organic
sedimentary succession was only found from the beginning of
the Atlantic. During this interval, the concentration index for cal-
cium increases, and the |r| index exceeds 0.5 on three occa-
sions. The reason for the large increase in surface and
subsurface leaching of the moraine plateau catchment was
probably high precipitation. For these intervals, the sum of con-
centration coefficients of these elements is highest in the entire
Holocene succession and often exceeds 20. In the Atlantic pe-
riod humidity conditions were variable, while phases of in-
creased supply of Na and Ca and increased correlation be-
tween other metals correlate with extremes in precipitation as
distinguished by Starkel et al. (2013; Fig. 8). The stratigraphic
variablility of these Holocene lake successions may also have
been influenced by the average sediment accumulation rate.
Despite the small number of observations (N = 10), significant
positive correlation coefficients were found between the sedi-
ment accumulation rate and the average concentration of such
elements as Na, Cu and Zn. At times when the sediment accu-
mulation rate was above the average for the entire profile (i.e.
0.9 mm/year) the Na/K ratio often exceeded 1.3, which is 10
times higher than the Na/K ratio in the mineral deposits that
form the lake catchment. This situation indicates selective Na
concentration resulting from leaching and has been recorded in
other upland lakes (Borowka, 1992; Okupny et al.,, 2013;
Karasiewicz, 2019). The observed changes in the lithology and
geochemical record of the Zabieniec kettle-hole seem to have
been largely triggered by local hydrogeology conditions and re-
gional hydroclimatic shifts. The rapid changes in the geochemi-
cal ratios, mainly |r| index or erosion ratio, may reflect
global-scale variability expressed, for instance, as Bond cycles
(Bond et al., 1997, 2001).

The change in denudation patterns in the peat bog basin
which began over the past millennium, and the associated in-
crease in supply of K, Mg, Na and Fe relative to Ca is most
characteristic of the Subatlantic. This phase was preceded by a
disturbance in the recirculation of elements, especially Ca, Mg
and Cu. Periodic deforestation initially caused an increase in
Ca, Mg and Cu concentrations, followed by a drop in their sup-
ply to the peat bog. Increased outflow of minerals from the soils
surrounding the lake may have been associated with a sharp
decline in plant transpiration favouring an increase in surface
and ground runoff, with inhibition of bioaccumulation and with
acidification of soils. Such a mechanism of geochemical conse-
quences of basin deforestation, including a depletion of mineral
resources that easily migrate in aqueous solutions, was sug-
gested by Borowka (1992) for moraine plateaux of northwest-
ern Poland.

The Early Holocene is distinguished by decreased supply of
almost all elements, including the lowest K values at the
boundary between the Atlantic and Subboreal. These changes
were preceded by a decrease in the sediment accumulation
rate to just over 0.5 mm/year. In the Holocene biogenic succes-
sion, due to the gradual overgrowing of the lake basin and the
beginning of the sedentation of autochthonous organic matter
in the reservoir, a marked change is seen in the structure of the
concentration coefficients for particular metals. Increased
leaching of Cu and Zn may have been favoured by vegetation
cover dominated by pine (Majecka et al., 2018), producing
fulvic and humic-fulvic litter with properties aggressive towards
mineral substances. In the Holocene, the soil permeability in-
creased due to development of the soil structure and its conse-
quent increased porosity. The concentrations of trace elements
are comparable to those in other mires in Central Poland
(Stowinski et al., 2016; Dobrowolski et al., 2017). However, the
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concentrations of Pb and Zn are much higher than mean values
for peatlands elsewhere in Poland. The maximum content of Pb
in peat deposits from Zabieniec is 82.8 pg/g and the mean con-
tent for Poland is 7 pg/g. The maximum content of Zn in peat
deposits from Zabieniec is 87 pg/g, while the mean content of
Zn for peatlands in Poland is 25 ug/g (Bojakowska and Lech,
2008).

CAUSES OF SEDIMENTARY GEOCHEMICAL VARIATION
AT THE ZABIENIEC MIRE

The first component (PC1) is partly connected with the
allochthonous component, comprising mineral matter and the
lithophilic elements Na, K and Mg (Fig. 6B). In aqueous envi-
ronments, these lithogeochemical components have been
shown to be good measures of the intensity of mechanical de-
nudation and the supply of clastic material from the associated
lake catchment (Foster and Dearing, 1987; Pawtowski et al.,
2016a). The co-existence of these elements can be regarded
as a universal phenomenon that results from the absorption of
metals by aluminosilicate clay minerals (Rydelek, 2013). Be-
cause of the low correlation of organic matter, Na and K with Fe
content in the lake deposits (Fig. 7), the sorptive role of iron ox-
ides and clay minerals was dominant.

The second component (PC2) mainly explains the variation
of Cu, Zn and organic matter. The maximum values of these
lithogeochemical elements can be found in fine detrital gyttja
and all types of peat deposits. Organic matter content corre-
lates positively with Fe/Mn and Cu/Zn ratios in the Late-Glacial
lake deposits, which suggests that the relative changes in bio-
logical productivity in the lake were dependent on water fertility,
the depth and dynamics of the reservoir and the oxygenation of
the bottom waters. The anaerobic conditions prevailing in the
bottom part of the water column limited the mineralisation of or-
ganic compounds falling from the epilimnion. The several peri-
ods of high Cu content in the lake deposits are the main indica-
tor (and smaller share in XK) that this trace element was also
supplied by chemical denudation occurring in the reservoir
catchment. The Zn concentration in the sediments is controlled
by sorption—desorption reactions in which the pH is the most
important factor, but organic carbon content and clay content
are also significant (Borowka, 1992). The occurrence of Zn in
peat deposits in the top part of the profile may also be related to
allogenic atmospheric supply and anthropogenic influence. A
low correlation between Zn and other trace elements (Cu and
Pb) was observed in the Neoholocene peat deposits. Differ-
ences in the maximum values through Zn being one of the most
mobile and soluble elements, easily assimilated by plants such
as Betula.

PALAEOGEOGRAPHICAL CONCLUSIONS

Based on the macrofossils and geochemical proxies, the
development history of the Zabieniec mire has a classic suc-
cession from limnnic to telmatic and then terrestrial environ-
ments. Data from the core analysed allows reconstruction of the
palaeoenvironment of the lake-mire ecosystem studied with re-
spect to regional changes in climate, water conditions and de-
nudation processes in the northern part of the £6dz Hills during
the last 16.8 ka. The vertical variability in chemical composition
of the biogenic deposits records changes taking place not only
in the lake, but also in its surroundings. The chemical composi-
tion of these deposits depends on the quantity and quality of the
mineral material and on the chemical composition of the water
entering the lake basin. Analysis of macrofossil remains and
geochemical composition in the Zabieniec mire allows us to re-

construct the history of geochemical migration of elements in
the northern part of the £6dz Hills in the Late Glacial and Holo-
cene, as well as demonstrating the influence of climate condi-
tions and human activity on the environment.

Upper/Late Glacial (16.8-11.5 ka cal BP). Limnic sedi-
mentation in the northern £6dz Hills started in the decline of the
Upper Plenivistulian, and is constrained by radiocarbon dating
(~16.8 ka BP) and pollen analysis of the Z-2 core (Majecka et
al., 2018). The presence of organic-mineral sediments in the
Zabieniec mire basin is a regional exception. Elsewhere in the
region, all known endorheic depressions with biogenic Eemian
and Early Vistulian deposits within denuded uplands or slopes
were eventually filled with mineral sediments, or dissected and
included into systems of denudation valleys and river valleys in
the Plenivistulian. The lithology of Late Glacial deposits filling
the Zabieniec basin is dominated by lacustrine silt with sand
and detrital-clay gyttja with an admixture of CaCOs. The rapidly
changing contents of organic matter and elements in individual
layers of the lake basin record changes taking place not only in
the basin, but also in its surroundings. The highest contents of
CaCOs; and Ca attest to increasing decalcification of the glacial
and fluvioglacial deposits surrounding the reservoir at the de-
cline of the Plenivistulian and the beginning of the Late Glacial.
Contents of lithophilic elements (Na, Mg and K) in the lake de-
posits are on average much higher than recorded in Late Gla-
cial successions in biogenic accumulation sites of the Polish
Lowland elsewhere. This is a record of intense denudation on
adjacent slopes and uplands in periglacial climate conditions.

Holocene (11.5 ka cal BP to present). A substantial part of
the biogenic succession is composed of lake and peat deposits
detrital-clay gyttja, detrital gyttja with a variable content of plant
remains and thin intercalations of brown moss peat, fen peat,
transition peat and peat bog. The diverse geochemical signa-
ture in this part of the profile reflects the role of the local geo-
chemical background and denudation processes in gyttja and
peat deposition. This interval also revealed a more dynamic
content of the lithogeochemical elements, usually at the
lithological contact of different layers of the peat. These periods
are interrupted by phases in which low levels of elements were
supplied into the accumulating deposits (known as “geochemi-
cal silence”). However, in the Holocene, selective migration of
copper and calcium in aqueous solution increased. Clear fluctu-
ations in the copper and sodium contents in the deposits may
indicate periodic changes in the character of biogenic accumu-
lation due to water level fluctuations. In turn, the relatively low
values of Fe/Mn ratio seem to indicate changing redox condi-
tions at this site, which might have been associated with the
autogenous hydroseral succession from lake to mire. Human
activity recorded in the Z-2 core is reflected in an increase in
mineral matter in organic deposits, a decrease in pH, and an in-
crease in elements activated by mechanical denudation. These
results are consistent with other palaeoecological analyses, e.g
a decrease in the presence of AP and the appearance of spe-
cies indicative of human activity (Forysiak et al., 2011).
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