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We explored past critical transitions in a peatland located in N Poland using a densely dated (  44 14C
dates and 26 210Pb), high-resolution multi-proxy proﬁle. A 6500-year record was supported by a very
robust age-depth model. Changes in land use, climate and carbon sequestration in northern Poland were
investigated using a range of biotic proxies. We determined critical transitions in the development of the
mire which were dependent upon extrinsic drivers. The trophic status of the mire shifted several times
during the last 6.5 millennia. The pattern of changes suggests that it was very sensitive to different
changes in the peatland basin. We identiﬁed several factors which may have driven transitions between
the bog and fen state as a response to catchment hydrology changes largely driven by human impact
which overlapped with periods of climate change. We determined the vegetation threshold in relation to
microcharcoal which could be related to ﬁre intensity. Based upon microcharcoal and pollen analyses,
the local plant community threshold for ﬁre intensity was estimated to be ca 7500 microcharcoal particles/cm2/year. We discovered that this level was also an important tipping point for the divergence
between plants positively (e.g. human indicators and Carpinus betulus) or negatively related (e.g. Quercus) related to ﬁres. This local threshold was related to ecological changes related to the emergence and
fall of subsequent human communities. The ﬁrst pollen grains indicating human activities in the deposits
are dated to ca. 6000 cal. BP. The strongest signal comes from the Neolithic, the Bronze Age, the PreRoman Period and the Roman Period. These past societies exploited natural resources and deforested
the landscape while actively using ﬁre. We inferred a distinct human inﬂuence since ca. 5000 cal. BP (the
Neolithic) until the Early Middle Ages with strong evidence during the Bronze Age and Roman Period
which demonstrates the high importance of the area until the transition from the tribe period to the
Polish state. The peatland possibly recorded several climatic shifts, however the climate change signals
were modiﬁed by human impacts which actively changed the environmental conditions.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

* Corresponding author. Laboratory of Wetland Ecology and Monitoring, Adam
 , Poland.
Mickiewicz University, Poznan
E-mail address: mariuszl@amu.edu.pl (M. Lamentowicz).

Global changes connected with climate crisis, pollution and
landscape fragmentation have affected terrestrial ecosystems and
their carbon balance over a wide range of timescales (Chapin et al.,
2000; Mack et al., 2003; Ellis et al., 2013). Different kinds of
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disturbances are an effect of long-term human activities which
gradually increased since the Neolithic (Ellis, 2015; Blockley et al.,
2018; Stephens et al., 2019). Progressive land use change and
deforestation has triggered the creation of novel ecosystems
(Corlett, 2015; Ellis, 2015). Virgin forests which covered the centraleastern part of Europe disappeared in the Early Middle Ages
(Williams, 2000; Kaplan et al., 2009). Nevertheless, before this
dramatic process, different past communities used natural resources and left traces in palaeoecological archives (Zolitschka
et al., 2003; Starkel, 2005; Kołaczek et al., 2016; Roberts et al.,
2018). Various disturbances to forest structures increased their
level of openness at the transition into the Neolithic, Medieval as
well as the Anthropocene which is proposed to begin from the era
of nuclear weapons testing (Williams et al., 2015; Ellis, 2017).
Therefore, current landscapes carry legacies of these past trans ski et al., 2019).
formations (Vanniere et al., 2015; Słowin
Peatlands are important carbon sinks (Borren et al., 2004;
Vasander and Kettunen, 2006; Yu, 2006; Gallego-Sala et al., 2018)
and have accumulated up to about a third of the global soil carbon
during the Holocene (Gorham, 1991; Turunen et al., 2002). This
stored carbon (250e455 Pg of carbon) is equivalent to about
25e50% of the current atmospheric CO2 burden (Frolking and
Roulet, 2007). Understanding how early human impacts affected
carbon accumulation in peatlands is an important issue today
because many peatlands are affected by human disturbance in
terms of enhanced nutrient deposition and drainage.
Various environmental changes generate signals driven by both
extrinsic and intrinsic factors in peatlands (Birks and Birks, 1980;
Seddon et al., 2011; Williams et al., 2011). Large peatlands are usually
more resilient than small basins to various environmental disturbances (Lamentowicz et al., 2008b). Therefore, small sites potentially
contain a more sensitive record of local environmental signals driven
by climate and/or human impacts. Peatlands cross critical transitions
in different trophic states and hydrological conditions (Jassey et al.,
2018; Jassey et al., 2018). Such transitions are usually connected
with substantial climatic shifts, landscape opening, ﬁres or pollution
(Barber, 1981; Hughes and Barber, 2003; Fialkiewicz-Koziel et al.,
2015). As a result, ecosystems might cross a tipping point (TP)
with no return to the previous ecological conditions (Lenton et al.,
2008). After the transition, the structure and food chain of the
ecosystem changes along with signiﬁcant modiﬁcations of the carbon ﬂux (Jassey et al., 2013, 2018).
Organic deposits stored in lakes and peatlands are important
palaeoenvironmental archives (Tobolski, 2003; Booth et al., 2010b).
Along with sediments’ accumulation there is a signal of environmental changes stored in the organic matter (Birks and Birks, 1980;
Charman, 2002). Peatlands (that are built of organic matter) have
been used to better understand past climate, carbon accumulation
and human impact in different parts of the world (Yu et al., 2010;
Swindles et al., 2016; Gallego-Sala et al., 2018; Kołaczek et al., 2018).
Raised peat bogs have predominantly been the focus of palaeoclimatic research as they have a direct connection with the atmosphere (Barber, 1981; Barber and Charman, 2003; Charman
et al., 2006; Booth, 2010; van Bellen et al., 2018). However, other
types of peatlands (e.g. poor fens, kettle-hole mires and spring fens)
have also been used to reconstruct past environmental changes as
well as human-environmental relationships across a wide range of
jkova et al., 2012). Fens provide infortimescales (Payne, 2010; Ha
mation about changing catchment conditions, and they are closer
to lakes in terms of their archive records, given that they grow in
closed depressions and peat does not emerge above the surrounding landscape. The changing trophic status of fen ecosystems
is closely connected with the ground water and mineral input from
 ciennik et al.,
the surrounding areas (Lamentowicz et al., 2009a; Pło
2015). The hydrology of fens is also strongly dependent upon the

plant cover of their basins, and even moderate disturbance during
periods of local deforestation can affect their nutrient composition
and the position of local ground water tables (Lamentowicz et al.,
2007; Woodward et al., 2014).
Central Eastern Europe (including northern Poland) has been
the focus for a wide range of palaeoecological research (Hjelmroos,
1981; Tobolski, 1982; Latałowa, 1989; Bogaczewicz-Adamczak,
1990; Miotk-Szpiganowicz, 1992; Goslar et al., 1999; Tylmann,
2015). Initially studies of peat and lake deposits were undertaken
at a low resolution and focused upon pollen and plant macrofossil
analyses spanning the Late Glacial period and the Holocene
(Wodziczko and Thomaschewski, 1932; Tobolski, 1983; Latałowa
and Tobolski, 1987). During the last two decades high-resolution
studies started to appear which aimed to apply several proxies
simultaneously to infer past environmental changes from the peat
archive mostly during the last millennium (Lamentowicz et al.,
2008a, 2011; Marcisz et al., 2015; Kołaczek et al., 2018). This
high-resolution strategy then started to be applied to longer time
scales (Lamentowicz et al., 2015; Gałka et al., 2017). However,
studies based upon Polish palaeoenvironmental archives before
2015 do not include quantitative analyses of macro and micro
charcoal (the proxy of ﬁres ignited the most possibly by human
when accompanied by pollen human indicators) which is crucial to
understand how the archaeological data reﬂects past human impacts (Marcisz et al., 2015, 2019).
In this study we explore past critical transitions which can be
deﬁned as the state at which an ecosystem becomes more fragile
until a relatively small disturbance triggers a regime shift
(Carpenter and Scheffer, 2009; Scheffer, 2009; van Nes et al., 2016).
We chose a fen adjacent to a varved lake as well as a time span of ca
6500 years BP to explore environmental changes and the impacts of
archaeological cultures from the Late Mesolithic to modern times.
We assume that climate change is an important driver of peatland
development, however there is also the possibility that some climatic shifts may overlap with anthropogenic signals.
We hypothesised that the majority of the transitions identiﬁed
in the peat archive during the last 6500 years were driven by
cascading effects of past human societies which affected the functioning of the mire ecosystem and peat carbon accumulation rates.
We wanted to deﬁne the pollen-based vegetation ﬁre threshold
(expressed by microcharcoal inﬂux) which led to considerable
changes in the local vegetation. For this purpose, a sensitive, small
basin chosen for this study was the most promising archive to
explore critical transitions related to extrinsic drivers (Dupont,
1986; Mauquoy and Barber, 2002). Palaeoenvironmental reconstructions were based upon testate amoebae, plant macrofossil,
carbon and pollen/non-pollen microfossil analyses. To compare our
proxy data with archaeological data we performed dense (ca. one
14
C date per 10 cm, and one 210Pb date per 1 cm in the topmost
sections), high-resolution AMS radiocarbon dating of the peat core.
Furthermore, the mire is adjacent to a laminated lake which creates
the promising perspective of calibration of both records in the
future.
To test if past societies were the main driver of environmental
changes, we compared proxy records to the local and regional
archaeological data sets. We aimed to: a) identify drivers of the
critical transitions in the peatland ecosystem recorded in the peat
proﬁle, and b) identify possible climate signals and their impacts on
distinct critical transitions in the peatland ecosystem, and c)
determine the regional vegetation threshold in relation to ﬁres.
2. Study site
Głe˛ boczek is a small (less than 1 ha) kettle hole adjacent to the
varved Lake Głe˛ boczek in the northern part of the Tuchola
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Pinewoods (Fig. 1). The peatland is covered by the birch and pine
forest with collapsed dead trees. The vegetation is dominated by
Sphagnum spp, Carex spp and shrubs. The area is close to the
Pomeranian ice margin of the Weichselian Glaciation dated between 17,000 and 16,000 cal. BP (Marks, 2012). The surﬁcial geology is mostly composed of glacial till and glacioﬂuvial outwash
plain deposits. Lake basins were formed after the melting of dead
ice blocks in subglacial channels or in kettle holes (Kordowski et al.,
2014). The climatic conditions in this area are characterised by a
warm summer transitional climate. Monthly mean temperatures
range from 2.5  C in January to 17  C in July. Total annual precipitation reaches 590 mm with distinct summer maxima (82 mm
in July and 70 mm in August) (KozłowskaeSzcze˛ sna, 1993; Wos,
1999). The study area is a typical polygenetic young glacial land ski
form with a rich array of melting forms/depressions (Słowin
et al., 2014). The Głe˛ boczek mire basin enters into a cascade of
lakes and peatlands in the Czechowskie lake catchment (Ott et al.,
2017). The Tuchola Pinewoods is the largest forest complex in
Poland. Given that the Tuchola Pinewoods contains poor soil which
developed on ﬂuvioglacial sediments (Blaszkiewicz et al., 2015),
agriculture was not widely undertaken in the region.
3. Methods
3.1. Core retrieval, sampling, and carbon acumulation rate
The 4-m core was sampled in March 2016. Using a Wardenaar
sampler the top 1 m was recovered. The remaining part of the
proﬁle was extracted using an INSTORF sampler (1-m-long and 8
cm diameter) corer specially designed for this study. The samples
were then transported to the laboratory where they were stored
frozen.
Material for bulk density, loss on ignition (LOI550) and peat
carbon accumulation rates (CAR) analyses was drilled from the
frozen peat core using an empty drill which produced a peat pellet
of known volume (Suppl. Fig. 2). This served to achieve a continuous 2-cm sampling resolution. Then each sample was dried,
weighed, burnt at 550  C for 12 h, and weighed again (Heiri et al.,
2001). For each depth increment, the accumulation rate derived
from the peat-core chronology was multiplied with the ash-free
bulk density measurement and multiplied by 50% to represent
carbon accumulation rates (Loisel et al., 2014).
The fresh (not frozen) material was subsampled for each proxy
and dated/analysed at a range of resolutions. The upper 1 m was
sampled every 1 cm for lead dating (210Pb), samples for AMS
radiocarbon dating (14C) were taken every 10 cm. Pollen, microcharcoal and testate amoebae were sampled every 5 cm and plant
macrofossils samples were extracted every 5 cm up 150 cm, and
then ever 10 cm in the bottom part of the core. Samples for macrocharcoal analysis were continuously sampled every 1 cm.
3.2. Absolute chronology
The absolute chronology was based upon 4414C AMS dates
(Table 1) and 26 210Pb dates for two sections of the proﬁle: (i)
400e28 cm e a Bayesian age-depth model based on 39 14C AMS
dates (Table 1), (ii) 28e0 cm - 26 210Pb dates and validated by 4 14C
AMS dates.
14
 Radiocarbon LabC AMS dates were provided by the Poznan
oratory (Poland) (Table 1). The age-depth model was calculated
using the OxCal 4.3 software (Bronk Ramsey, 1995) applying the
P_Sequence function with parameters: k0 ¼ 0.6, log10(k/k0) ¼ 1, and
interpolation ¼ 1 cm (Bronk Ramsey, 2008; Ramsey and Lee, 2013).
The IntCal13 atmospheric curve was used as the calibration dataset
(Reimer et al., 2013). Four 14C dates, i.e. Poz-92755, Poz-89550, Poz-
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92754, and Poz-89543, which are signiﬁcantly different from
neighbouring ones were excluded prior to the age-depth modelling. Moreover, the topmost 14C date was calibrated using the
BombNH1 calibration curve. The proﬁle sections potentially indicate changes in peat accumulation rates (PAR) which were introduced to the model as boundaries (Boundary command). These
were as follows: (i) 400 cm e the bottom of the proﬁle, (ii) 200 cm
e transition between peatland and telmatic deposits inferred from
biotic proxies, (iii) 100 cm e transition between lacustrine and
peatland deposits inferred from biotic proxies and (iv) 28 cm e top
of the model, the presence of a layer with abundant amorphous
organic matter and macrocharcoal which may indicate evidence for
a local ﬁre and/or dry phase contributing to the hiatus.
The activity of 210Pb was determined as an activity of its
daughter radionuclide 210Po (half-life 138 days). Peat samples of
0.5e0.7 g were spiked with 208Po as a yield tracer and digested
using a concentrated mixture of HNO3, HCl and H2O2. 210Po was
autoplated onto Ag disks after reduction of Fe3þ (Fiałkiewicz-Kozieł,
 z et al., 2017). The activities of 208Po
2014; Marcisz et al., 2015; Mro
and 210Po were counted by alpha particle spectrometers with
semiconductor, passivated silicon detectors. Excess 210Pb (unsupported) activities were measured as total 210Pb activity minus
supported 210Pb activity. The supported level was calculated by
using the mean 210Pb activity for the bottom layers (7 Bq/kg). The
CRS (Constant Rate of Supply) model was used to estimate the age
of this peat core.
To improve the readability of the following sections, the m
(mean) value of the modelled date was rounded to the nearest
decade for the section between 400 and 28 cm (expressed as cal. BP
e years before AD 1950). The ages of the samples above 28 cm are
expressed as unrounded values. The PAR (unit: cm/yr)t was calculated from the OxCal 4.3 derived age-depth model (400e28 cm)
and the 210Pb chronology (28e0 cm).

3.3. Pollen, non-pollen palynomorphs and microscopic charcoal
A total of 80 samples (2 cm3 in volume, sampled every 5 cm),
were prepared using standard laboratory procedures for palynological analysis (Berglund and Ralska-Jasiewiczowa, 1986). Samples
were treated with 10% HCl to dissolve carbonates and heated in 10%
KOH to remove humic compounds. Next, acetolysis was applied for
2.5 min. Pollen, cryptogam spores, and selected non-pollen palynomorphs (NPPs) were counted under a binocular microscope until
the total pollen sum (TPS) in each sample reached at least 500.
Pollen grains were identiﬁed with the assistance of atlases and keys
(Moore et al., 1991; Beug, 2004; van Geel and Aptroot, 2006). The
results of the palynological analysis were expressed as percentages
calculated on the basis of the ratio of an individual taxon to the TPS,
i.e., the sum of AP (arboreal pollen) and NAP (non-arboreal pollen)
excluding aquatic and wetland plants including Cyperaceae, and
cryptogams. For better readability some pollen taxa which are
human impact indicators were grouped into: cultivated land indicators and major ruderals (Behre, 1981; Poska et al., 2004;
Gaillard, 2013).
Microscopic charcoal particles (diameter: 10e100 mm) were
counted from the same slides as pollen and NPPs (Tinner and Hu,
2003) until the number of charcoal particles and Lycopodium
spores, counted together, exceeded 200 (Finsinger and Tinner,
2005). The calculations of microscopic charcoal accumulation rate
(MIC) follow the formula proposed by (Davis and Deevey, 1964) i.e.
MIC ¼ Ct  PAR, in which Ct is the concentration of charcoal particles (unit: particles/cm3)(Tinner and Hu, 2003).
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Fig. 1. Location of the study site and other adjacent important wetlands possessing palaeoecological reconstructions, A) Europe, B) N Poland, C) Lidar terrain model, D) Distribution
of archaeological sites in the Głe˛ boczek peatland surroundings (see Suppl Table 1.): I - the site without known location, II - the site with approximate location, III - the site with exact
location, IV - barrow necropolis, V - alleged place of exploitation, VI - charcoal piles, VII - Głe˛boczek site location, VIII - sites recorded during ﬁeld surveys in the vicinity of Iwiczno
village (Stone Age e 2, 3, 7, 14; Bronze Age Period e 10, 12, 17; Early Iron Age e 1, 4, 6, 8, 11; Roman Period e 18, 19; Early Middle Ages e 15; Late Middle Ages e 9; Modern Period e
5, 17).

3.4. Macroscopic charcoal
For macroscopic charcoal analysis, 1 cm3 sediment samples
were prepared following the method described by Whitlock and
Larsen (2002). Particles divided into two fractions (100e500 mm
and >500 mm) were counted under stereoscope at 40  magniﬁcation. Macroscopic charcoal inﬂux (proxy for local ﬁres (Conedera
et al., 2009)) or accumulation rates (MAC, particles/cm2/yr) were
calculated using the charcoal concentrations and the peat accumulation rate.
3.5. Plant macrofossils
The macrofossil composition of the ~5 cm3 peat samples was
determined by warming each sample in 5% KOH, followed by
sieving (mesh diameter 125 mm). Macrofossils were scanned using
a binocular microscope (10  e50  magniﬁcations) and identiﬁed
using an extensive reference collection of type material (Mauquoy
and van Geel, 2007). Volume percentages were estimated for all
components with the exception of seeds, Betula spp. catkin scales,

Eriophorum vaginatum spindles, Carex spp. nutlets, Chara oospores
and Sphagnum spore capsules, which were counted and expressed
as the number (n) present in each subsample.

3.6. Testate amoebae
80 samples (2 cm3 in volume) for testate amoeba TA) analysis
were sampled from the same depths as for pollen and microscopic
charcoal analyses. Peat samples were washed under 0.3-mm sieves
following the method described by (Booth et al., 2010a). TA were
analysed under a light microscope between 250  and
400  magniﬁcation, with a minimum of 150 tests per sample
where possible (Payne and Mitchell, 2008). Several keys and
taxonomic monographs (Grospietsch, 1958; Ogden and Hedley,
1980; Meisterfeld, 2001a, 2001b; Clarke, 2003; Mazei and
Tsyganov, 2006) as well as internet resources (Siemensma, 2019)
were used to achieve the highest possible taxonomic resolution.
The results of the TA analysis were used for the quantitative water
table depth reconstructions.
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Table 1
List of radiocarbon dates from Głe˛ boczek peatland with the description of the plant material dated.
n

LabID - number

Depth [cm]

Age [14C BP]

Error [14C years]

Calibrated ages [cal. BP] (2s range - 95.4%)

Material dated

1

Poz-89651

9,5

112.6

0.32 pMC

2

Poz-103688

15,5

114

0.28 pMC

Pinus needles 3 pc, Betula sp. fruit scale 5 pc =
pieces, Betula sp. winged nutlet 16 pc.
Sphagnum stem fragments 8 pc

3

Poz-89528

19,5

105

30

4

Poz-103604

25,5

355

30

5

Poz-89529

29,5

680

30

6

Poz-89530

39,5

860

30

7

Poz-89532

49,5

1185

30

8

Poz-89533

59,5

1265

30

9

Poz-89534

69,5

1310

30

10
11
12
13

Poz-89536
Poz-89537
Poz-89538
Poz-89549

79,5
89,5
99,5
101

1435
1620
1605
1640

30
30
30
30

14

Poz-89548

110

1785

30

15
16

Poz-89547
Poz-89546

120
130

1835
1945

30
30

17

Poz-89544

140

2165

30

18

Poz-89543

150

2480

30

19

Poz-89542

160

2170

30

20

Poz-89541

170

2255

30

21

Poz-89540

180

2450

35

22

Poz-89539

190

2880

30

23

Poz-99653

200

3040

40

24

Poz-92754

210

2550

30

25

Poz-89550

220

3935

35

26
27

Poz-89645
Poz-89646

230
240

3380
3895

30
30

7 (4.1%) -8
43 (91.3%) - 45
7 (4.7%) -8
40 (90.7%) - 43
269 (27.3%) 213
194 (0.7%) 189
147 (67.4%) 13
497 (44.5%) 420
411 (50.9%) 315
680 (60.4%) 634
596 (35.0%) 561
901 (9.9%) 866
826 (2.0%) 814
800 (83.5%) 695
1226 (1.8%) 1212
1183 (88.3%) 1050
1029 (5.3%) 1001
1285 (89%) 1172
1159 (1.9%) 1145
1139 (1.5%) 1124
1111 (2.8%) 1088
1295 (68.0%) 1223
1213 (27.4%) 1181
1380 (95%) 1295
1569 (95.4%) 1412
1555 (95.4%) 1412
1615 (75.8%) 1514
1504 (3.8%) 1478
1465 (15.9%) 1416
1816 (62.5) 1686
1679 (32.9%) 1618
1855 (95.4%) 1705
1970 (1.8%) 1960
1951 (93.6%) 1822
2308 (44.7%) 2223
2210 (46%.0%) 2098
2089 (4.6%) 2061
2723 (94.9%) 2431
2390 (0.5%) 2383
2309 (92.9%) 2105
2083 (2.5%) 2065
2345 (35.1%) 2297
2265 (60.3%) 2157
2705 (25.5%) 2629
2620 (16.4%) 255
2547 (53.5%) 2360
3141 (2.0%) 3125
3110 (2.2%) 3093
3080 (88.8%) 2922
2907 (2.4%) 2888
3361 (94.5%) 3143
3090 (0.9%) 3083
2750 (54.9%) 2693
2635 (9.9%) 2614
2593 (30.6%) 2500
4514 (7.4%) 4481
4445 (80.0%) 4248
3695 (95.4%) 3565
4417 (95.4%) 4244

28
29

Poz-89647
Poz-89649

250
260

3900
3950

35
35

30

Poz-89650

270

4135

35

31

Poz-92755

280

4710

40

32

Poz-92756

290

4400

35

4425
4519
4451
4822
4556
4542
5582
5488
5420
5258
5232
5214
5055

(95.4%) 4235
(21.5) 4463
(73.9%) 4289
(93.0%) 4568
(1.5%) 4548
(0.9%) 4537
(27.7%) 5506
(21.1%) 5438
(46.5) 5321
(0.5%) 5249
(0.4%) 5226
(3.3%) 5189
(91.2%) 4859

pine needle fragment, Sphagnum stem
fragment, charcoal 6 pc, bark fragments 4 pc
Sphagnum stem fragments 8 pc
Sphagnum stem fragments 22 pc
Sphagnum stems 22 pc

Sphagnum stem fragments 34 pc

Sphagnum stems 30 pc

Sphagnum stem fragments 40 pc
Sphagnum stems 20 pc
Sphagnum stems 30 pc
Sphagnum stems 15 pc
Carex sp. seed 1 pc, charcoal fragments,
Sphagnum stems fragments
charcoal - few dozens of small pieces
charcoal 10 pc, Carex sp. seeds 3 pc
Sphagnum stem 1 pc, charcoal pieces, Betula sp.
winged nutlet 1 pc, Carex sp. seeds 2 pc
bark fragment

Carex sp. seeds 17 pc
Carex sp. seed 1 pc, charcoal fragments
Charred Carpinus sp. seed
Charcoal pieces, seed 1 pc

Rubus sp. seeds 6 pc

Carex sp. seeds 7 pc, Sphagnum stem 1 pc,
charcoal
Leaves

Carex sp. seeds 2 pc, charcoal fragments
Sphagnum stems fragments 5 pc, charcoal
Sphagnum stem fragment 1 pc, Carex sp. seed 1
pc, charcoal
Sphagnum stems 20 pc
Sphagnum stems 20 pc
Sphagnum stems 10 pc

Charcoal

Sphagnum stems fragments (very small), Carex
sp. seeds 3 pc, charcoal, bark fragment

(continued on next page)
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Table 1 (continued )
n

LabID - number

Depth [cm]

Age [14C BP]

Error [14C years]

Calibrated ages [cal. BP] (2s range - 95.4%)

Material dated

33

Poz-92757

300

4550

35

34

Poz-92758

310

4625

35

35

Poz-92759

320

4770

30

Carex sp. achene, bark fragment, needle
fragment
Brown moss stem 1 pc, needle fragment, Carex
sp. seed 1 pc
Needle fragments, bark fragment

36
37

Poz-92761
Poz-92762

330
340

4795
4970

35
30

38

Poz-92763

350

5170

40

39

Poz-92764

360

5240

40

40

Poz-92765

370

5350

40

41

Poz-92766

380

5430

40

42

Poz-92920

390

5540

40

5319
5191
5466
5335
5590
5347
5599
5858
5751
5999
5820
6178
6120
6032
6272
6217
6303
6143
6405

43
44

Poz-83944
Poz-83943

399
400

5630
5760

40
40

(37.7%) 5213
(57.7%) 5052
(70.9%) 5345
(24.5%) 5297
(93.1%) 5465
(2.3%) 5333
(95.4%) 5468
(51%) 5828
(90.3%) 5606
(86.9%) 5885
(8.5%) 5760
(8.7%) 6148
(21.9) 6039
(64.8%) 5917
(10.0%) 6238
(85.4%) 6001
(93.4) 6180
(2.0%) 6126
(95.4%) 6284

6487 (95.4%) 6314
6659 (94.8%) 6465
6458 (0.6%) 6454

3.7. Numerical analyses and graphical output
Threshold Indicator Taxa ANalysis (TITAN) was used to estimate
the plant community (expressed as pollen percentages) thresholds
to the reconstructed ﬁre activity (see Baker and King (2010) for a
full description of the method). Brieﬂy, TITAN identiﬁed the optimum changing point of every plant taxon frequency and abundance along the MIC gradient using bootstrapping and permutation
tests to assess the uncertainty of every changing point (Baker and
King, 2010). TITAN detects changes in species distributions (taxon
that increase [normalised z þ scores] or decrease [normalised zscores] in abundance) along a gradient and assesses synchrony
among species responses as evidence for community thresholds.
The quality and estimation of the critical tipping point area in a
plant community (representing trees, shrubs and human indicators) was tested using 1000 permutations and 150 bootstrap
replicates (resampling with replacement) using the TITAN2 R
package (Baker and King, 2010). The reconstruction of statistically
signiﬁcant ﬁre peaks/episodes, background charcoal and ﬁre frequency was undertaken using contiguous macroscopic charcoal
data in the application CharAnalysis using local threshold, lowess
smoother robust to outliers and a 1000 yrs smoothing window
(Higuera et al., 2010) (Suppl. Fig. 1).
The relationships between pollen relative abundance (%), NPPs
(%) and environmental variables (MIC inﬂux, MAC inﬂux (two size
groups), CAR and DWT) were assessed using redundancy analysis
(RDA). The chosen pollen and NPPs (representing trees, shrubs and
human indicators) data were Hellinger transformed (Legendre and
Gallagher, 2001) prior to the analysis. The signiﬁcance of the model,
axes and of each explanatory variable included in the model was
tested using 999 permutations. Calculations were performed using
the vegan package (Oksanen et al., 2017) using R software (Team,
2018).
Quantitative reconstruction of the TA-based depth to water table (DWT) and pH reconstructions were performed in C2 software
(Juggins, 2003), using a training set developed for northern Poland
by (Lamentowicz and Mitchell, 2005; Lamentowicz et al., 2008b).
The local training set was used to avoid biogeographical and
taxonomic bias (Lara et al., 2015; Singer et al., 2015).
Diagrams with palaeoecological proxy data were plotted using
C2 (Juggins, 2003) or Tilia graph (Grimm, 1992) software. To adjust

Brown moss stems fragments 15 pc
Brown moss stems fragments 20 pc
brown mosses stems fragments 15 pc, Carex sp.
seeds 2 pc
Sphagnum stems fragments 8 pc, Carex sp. seed
1 pc, charcoal
brown mosses stems fragments 15 pc
brown mosses stems fragments 15 pc
Sphagnum & brown mosse stems fragments 20
pc
Sphagnum stems
Sphagnum stems

the description of the proxy data we divided each diagram into
zones based upon the pollen and NPP spectra, as these proxies
represent the broadest spatial set of environmental changes.
Zonation was performed using constrained cluster analysis (CONISS) applied in the rioja package (Birks and Gordon, 1985; Bennett,
1996; Juggins, 2017; Juggins, 2017, 2017). To draw the synthesis
ﬁgure, DataGraph was used (MacAskill, 2012). The ﬁnal graphical
output was edited using Afﬁnity Designer (afﬁnity.serif.com).
3.8. Archaeological chronology
Archaeological periods were based upon the chronology established for the Polish territory by Kaczanowski and Kozłowski
(1998). We took however into account the cultural speciﬁcity of
the Tuchola Pinewoods (see: Grzelakowska, 1989a; Grabarczyk,
1992, 1997). To determine the main occupation phases of the
Głe˛ boczek area, archaeological and historical sources are necessary.
However, with the exception of medieval and modern glasswork
archaeological studies, systematic archaeological surveys are not
available (Olczak, 1984), due to the high level of afforestation which
prevents ﬁeld walking. The Polish National Record of Archaeological Sites (PNRAS/Archeologiczne Zdje˛ cie Polski in Polish,
Mazurowski, 1980; Barford et al., 2000) was not undertaken in the
study area. For this reason, all known sites in Głe˛ boczek surroundings are accidental discoveries among which many are loose
ﬁnds. Information on archaeological sites are based on publication
survey and the data from the Voivodship Monuments Protection
 sk and Archaeological Museum in Gdan
 sk
Ofﬁce (VMPO) in Gdan
(AMG) (Suppl Table 1).
4. Results and interpretation
4.1. Absolute chronology and peat accumulation rates
The age-depth model (Fig. 2) revealed a reliable model agreement index (Amodel) equal to 62.9% (>60%; Bronk Ramsey, 2008).
The results of the age-depth modelling show that the section of the
proﬁle dated only by 14C (400e28 cm) spans the period from
6590 ± 50 to 630 ± 40 cal. BP. The s error of the modelled age
ranged between ca. 10 (ca. 2330e2320 cal. BP) and 110 years (ca.
4000e3900 cal. BP). The peat accumulation rate (PAR) ranged
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between 0.002 and 0.13 cm/yr. The lowest PAR values characterised
the section of 239e230 cm (ca. 4190e3710 cal. BP), which indicates
the possible presence of depositional gap(s). Moreover, between
230 and 200 cm (ca. 3710e3210 cal. BP) two outlier 14C dates were
identiﬁed, which might be evidence for physical disturbance to
these peat layers.
The unsupported 210Pb activities ranged between 15 ± 4 to
579 ± 15 Bq/kg in the section of 28e0 cm and the highest value
occurs at 2 cm depth. The unsupported 210Pb presents a relatively
well-deﬁned exponential decrease with core depth. Supported
levels of 210Pb were calculated by using the mean activity of bottom
layers of peat core and equel 7 Bq/kg. The CRS modelling revealed
that the 28-0 cm section of peat proﬁle spans period AD 1871þ/-24
- 2016.. The average accumulation rate for the proﬁle is 0.33 cm/yr
(0.09e0.89 cm/yr).
In the section between 20 and 0 cm there is a good ﬁt between
the 14C and 210Pb dates; however, between 28 and 20 cm there is a
discrepancy between the results of the two dating methods.
4.2. Forest and peatland ecosystems changes
Bulk density and LOI results are presented in Fig. 2. Figs. 3e5
present diagrams of the pollen, non-pollen palynomorphs (NPPs),
plant macrofossils and TA, respectively. Fig. 6 presents records of
microscopic charcoal, macroscopic charcoal and peat carbon
accumulation rates (CAR). The reconstructed number of signiﬁcant
ﬁre episodes and inferred ﬁre frequency is presented in
Suppl. Figure. 1 and the summary is presented in Fig. 9.
4.2.1. Stage G1 e ca. 6500-5500 cal. BP (400-321 cm): Peatland
phase (archaeological chronology: Neolithic)
Bulk density and LOI remained relatively stable during this
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phase. Carbon Accumulation Rates (CAR) decreased from ca
5750 cal. BP to ca. 30 g C/cm2/yr and then reached a maximum of ca
70 g C/cm2/yr at ca. 5500 cal. BP. Macroscopic plant remains reveal
Sphagnum magellanicum (>80%) dominated peat at ca. 6500 cal. BP,
which then decreased along with Undifferentiated Monocots (MU).
Sphagnum sec. Acutifolia appeared with S. sec. Cuspidata. Drepanocladus remains and domination of Carex (>80%) rootlets suggest a
change towards a fen state during this period. Palynological data
revealed the presence of a wet fen as inferred by the presence of
Thelypteris palustris and Filicales spores. Single sporomorphs of
Potamogeton and Botryococcus indicate short-term inundation
events.
TA abundance ﬂuctuated with dominance of Assulina muscorum,
Assulina seminulum and Phryganella acropodia, which alternated
with Centropyxis aculeata. We also recorded the presence of the wet
indicators Hyalosphenia papilio and Archerella ﬂavum. The reconstructed depth-to-water table (DWT) was unstable in this phase,
varying between 10 and 15 cm, reaching a maximum of 3 cm at
6255 cal. BP, and decreasing to 25 cm at the end of the phase.
Pollen data show that Betula and Pinus sylvestris were the main
components of the forest revealing opposite optima. Additional
components were Corylus avellana and Quercus. The damp fen may
have been overgrown by Alnus. Two episodes with an occurrence of
cultivated plants (at ca. 6070 and 5600 cal. BP) might suggest minor
agricultural activity.
The microcharcoal accumulation rates (MIC) increased gradually
until ca. 5800 cal. BP and then dropped and its sum remained low
until the top of the zone. The macrocharcoal accumulation rates
(MAC) are characterised by numerous peaks suggesting local ﬁres,
with the largest peak of MAC (sum of both fractions) reaching 439
particles/cm2/yr at ca 5510 cal. BP. In total, eight signiﬁcant charcoal
peaks were identiﬁed during this phase and the inferred ﬁre

Fig. 2. Results of analyses of the bulk density and loss on ignition (LOI) (A) & (B) respectively. Age-depth model based on 44 radiocarbon dates and 210 Pb measurements (C) & (D)
respectively.
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Fig. 3. Pollen % diagram. Zonation based on CONISS performed in the “rioja” R package (Juggins, 2017). Pollen-based zones were used for other proxies to describe particular stages
of development of the mire.

Fig. 4. Plant macrofossil diagram (zonation based on the pollen data).
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Fig. 5. Testate amoebae % diagram with the quantitative estimates of the depth to the water table (zonation based on the pollen data).

frequency (IFF; episodes/1000 yr) revealed a mean of 5e10 ﬁre
episodes per millennium. High IFF suggests an anthropogenic
origin of the recorded ﬁres (Suppl. Fig. 1).

4.2.2. Stage G2 e ca. 5500-3500 cal. BP (321-218 cm): Peatland
phase (Neolithic - Bronze Age)
CAR values oscillated around 30 g C/cm2/yr, but then abruptly
decreased at ca. 4200 cal. BP to 11 g C/cm2/yr until ca. 3800 cal. BP,
when again CAR abruptly increased. The plant macrofossil record
shows an increase in content of Carex rootlets and unidentiﬁed
remains of MU. However, Carex retreated and Sphagnum started to
“engineer” the peatland habitat between ca. 4800 and 4200 cal. BP
(600 years) suggesting a probable water table decrease, possible
cooling and habitat acidiﬁcation, which preceded the event with
low carbon accumulation rates (Fig. 9). This is also seen in an increase of the Sphagnum spore percentages at ca. 4350 cal. BP and a
simultaneous decrease of Thelypteris palustris. Botryococcus and
Pediastrum occur at irregular intervals reﬂecting inundations,
however, they both appear continuously in small numbers at the
top of the zone.
Amongst the testate amoebae, Centropyxis aculeata alternated
with Phryganella acropodia. Water table depth at the fen ﬂuctuated
close to 12 cm and started to increase to 6 cm at ca. 4200 cal. BP
with a shallowest water table depth of 4.3 cm at ca. 4000 cal. BP.
The presence of Arcella discoides might suggest water table instability, however, the absence of open water indicators suggests that
any inundation was intermittent.
Pollen suggests a continuous and increasing human presence in
the vicinity of the site from ca. 5000 cal. BP. The date marks the
presence of cultivated ﬁelds and suggests the beginning of intensiﬁed human impact. An increase in Poaceae percentages since ca.
4500 cal. BP suggest local deforestation and/or growing populations of grasses (i.e. Phragmites australis) on the fen surface. An
increase in coprophilous fungi percentages during this stage may
reﬂect an intensiﬁcation of pastoral activity as well as more
frequent visits by herbivorous and/or omnivorous animals. Simultaneously, Stage G2 is the time of Quercus spread which declined

toward ca. 3500 cal. BP. Carpinus betulus occurred intermittently
until ca. 4500 cal. BP, then from 4200 cal. BP it was a continuous
component of the surrounding forests.
MIC and MAC values were lower than in zone G1, with increases
at ca. 5000-4730, 4500, 4200, 4120-4050 and 3860-3500 cal. BP.
During these phases nine signiﬁcant ﬁre episodes have been
reconstructed and suggest local ﬁres, which might be connected
with human impact during the Late Neolithic and Early Bronze Age.

4.2.3. Stage G3 e ca. 3500-2250 cal. BP (218-159 cm): Telmatic/
inundation phase (SB2-SA1, Bronze Age e Hallstatt Period - Older
Pre-Roman Period)
During this stage CAR decreased from ca. 3500 to 3000 cal. BP to
a minimum value of 14 g C/cm2/yr, then CAR gradually increased to
97 g C/cm2/yr at ca. 2320 cal. BP. Domination of Monocots and Carex
rootlets in the peat suggests a wet fen phase. Chara oospores
regularly occur and indicate local inundation. The presence of Tetraedron minimum, Botryococcus and Pediastrum suggest longer periods of peatland inundation. Permanently open water, as indicated
by the pollen of Nymphaeaceae and Potamogeton subgen. Eupotamogeton, appeared from ca. 2600 cal. BP. However, the plant
macrofossil composition and lithology suggest more terrestrial
conditions with dynamic hydrological changes.
Testate amoeba communities were dominated by Phryganella
acropodia, Euglypha rotunda, and Centropyxis aculeata. At ca. 2600
cal. BP Arcella discoides was present in high values for a short time.
However, during this phase the sample testate amoebae concentrations were very low and it was impossible to reach a sum of 150
counted shells. TA inferred water tables were lowest at the beginning of the phase, but rose and reached ~6 cm at ca. 3000 cal. BP.
Until the end of the phase DWT was a little lower but did not fall
below a depth of 11 cm. We assume that low TA concentrations are
an effect of prolonged peatland inundation.
P. sylvestris woodlands dominated during Stage G3. At ca.
3100 cal. BP (beginning of the wet phase), they retreated rapidly
and it was associated with a spread of Betula and an increase in
openness as revealed by a peak of Poaceae pollen. During this stage
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Fig. 6. Concentration and inﬂux of the macroscopic charcoal (A), microscopic charcoal (B), and peat carbon accumulation rates (C). Red line delimits the vegetation community
threshold in relation to MIC (microscopic charcoal inﬂux). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this
article.)

C. betulus became a more important component in the woodlands.
A stable presence of cultivated land pollen indicators suggests
locally intensive human impact, therefore humans may have been
responsible for the P. sylvestris retreat. During this stage Tilia cordata and C. avellana also gradually retreated.
In Stage G3 the MIC inﬂux records high and stable values of ca.
10,000 particles/cm2/yr. The higher abundance of microscopic
charcoal suggests extra-local ﬁres, which may be connected with
forest clearance at ca. 3200-3100 cal. BP (a decrease in percentages
of arboreal pollen and increases in cultivated land/ruderal taxa).
The highest values of macroscopic charcoal were also recorded at
the beginning of the zone and three ﬁre episodes are noted at ca.
3360 and 3210 cal. BP. Later ﬁre activity decreased, and the
following peak was recorded at the end of the zone, at ca. 2274 cal.
BP.
4.2.4. G4 e ca. 2250-1630 cal. BP (159-107 cm): Telmatic/
inundation phase (Younger Pre-Roman Period - Roman Period Migration Period)
CAR decreased from the former maximum value for the proﬁle
to 24 g C/cm2/yr, and then gradually begun to increase and oscillated around 40 g C/cm2/yr. Dominance of Monocots, Carex rootlets
and Phragmites australis in the peat proﬁle points to a submerged

fen habitat. Open water is indicated by the presence of Potamogeton
macrofossils and Chara oospores. The occurrence of Pediastrum and
Botryococcus as well as pollen of Nymphaeaceae and Potamogeton
subgen. Eupotamogeton reinforces this inference. Sphagnum leaves
are sparse. Pediastrum declined at ca. 1850 cal. BP; however, traces
of open water were present until the end of the phase.
The testate amoebae record shows a domination of Centropyxis
aculeata (maximum at ca 2000 cal. BP). This record suggests that
C. aculeata might be regarded as an important indicator of eutrophication (Lamentowicz and Mitchell, 2005). However, in stages G3
and G4 the low concentrations of testate amoeba might conﬁrm
inundation events. The continuous presence of Arcella discoides
suggests water table ﬂuctuations (Lamentowicz et al., 2009b). The
reconstructed DWT shows instability/water table ﬂuctuations,
however, as in stage G3 the TA concentrations were very low and
the TA-inferred DWT reconstruction is highly tentative for this
stage.
Considerable ﬂuctuations of P. sylvestris and Betula were recorded. Cultivated ﬁeld indicators decreased at the beginning of the
stage. However, the rapid increase in coprophilous fungi abundance
at ca. 1850 cal. BP with a peak at ca. 1630 cal. BP which is simultaneous with human indicators of cultivated plants and major ruderals and a distinct decline in arboreal pollen, suggests an increase
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in landscape openness related to intense human activity. Increased
human impact was preceded by an optimum of C. betulus at ca.
2000e1900 cal. BP which then decreased considerably. However,
Quercus recorded a short-term optimum which corresponds with
the declining C. betulus trend. Finally, the spread of P. sylvestris and
Betula at the end of the stage contributed to the retreat of Quercus
and C. betulus.
This stage was characterised by the highest charcoal accumulation rate, including both MIC and MAC, between ca. 22501730 cal. BP. During this time period MIC reached 66,493 particles/
cm2/yr at ca. 2160 cal. BP. Moreover, high mean values (20,000
particles/cm2/yr) were noted throughout the phase until ca. 1500
cal. BP suggesting continuous extra-local ﬁres. The local burning
signal expressed by high values of MAC shows that the surroundings of the Głe˛ boczek mire might have experienced severe local
ﬁres. Five signiﬁcant ﬁre episodes were recorded at ca. 2170 cal. BP
(256 particles/cm2/yr), 2015 cal. BP (82.8 particles/cm2/yr),
1920 cal. BP (487.8 particles/cm2/yr), 1680 cal. BP (83.4 particles/
cm2/yr) and 1650 cal. BP (94 particles/cm2/yr). These ﬁres may have
been related to activities of former human societies and burning of
the local forests. The MIC patterns are strikingly similar to changes
in CAR, with a prominent decrease at ca 2000 cal. BP.

and ﬁre revealed that DWT (p ¼ 0.026), was the most important
variable driving the vegetation structure (Fig. 7). MAC (fraction:
100e500 mm) was close to signiﬁcance (p ¼ 0.062). The ordination
biplot shows that low water tables appear to control the abundance
of Sphagnum (spores), as well as trees and shrubs. Simultaneously,
algae (indicating inundations) such as Scenedesmus ellipticus, Tetraedron minimum and Pediastrum sp. appeared to be correlated to
MAC (fraction: 100e500 mm) and MIC. Betula appeared to be
positively associated with the increase in CAR.
Using TITAN, we identiﬁed 13 pollen taxa and groups of taxa
(out of 15) which indicate a signiﬁcant changing point along the
MIC gradient (Fig. 8A). As a result, vegetation community composition showed an important taxa turnover at a MIC of ca. 7500 part./
cm2/yr (Fig. 8b) indicating a community-level tipping point. Mostly
tree taxa (e.g. Tilia, Ulmus and Quercus) revealed negative (z-) responses to ﬁres. Positive responses were recorded for Carpinus
betulus, Pinus sylvestris, Plantago lanceolata, Rumex acetosa/acetosella and anthropogenic indicators (major ruderals and cultivated
ﬁeld indicators).

4.2.5. G5 e ca. 1500 cal. BP-to the present (107-0 cm) - hiatus: ca.
630-110 cal BP (29.5e27.5 cm): Sphagnum/Carpinus phase
(Migration Period - Middle Ages e Modern Period)
CAR recorded high values with a decreasing trend to ca 12 g C/
m2/yr between 900 and 800 cal. BP and then gradually increased
above the hiatus from 40 to 550 g C/m2yr at the top of the proﬁle.
The latter pattern reﬂects the acrotelm-catotelm relations typical of
the active topmost Sphagnum peat layers.
Sphagnum abruptly expanded in this stage suggesting oligotrophy, and lower water tables in the catchment as well as the
nearby lake. Sphagnum magellanicum and Eriophorum vaginatum
indicate locally ombrotrophic conditions. Carex rootlets virtually
disappeared. Between ca. 1500-1100 cal. BP, testate amoebae
communities were dominated by Centropyxis aculeata, Arcella catinus and Phryganella acropodia, with water table depths oscillating
between 11 and 16 cm. Since ca. 1100 cal. BP C. aculeata gradually
decreased, and Euglypha hyalina abruptly begun to dominate the
assemblages (along with forest cutting). At the same time Assulina
muscorum and A. seminulum recorded a small peak at ca. 1100 cal.
BP. This date marks a sudden decrease in local water table depths,
which is unstable until the end of the phase, showing abrupt
former changes in the mire hydrology.
The pollen record reveals distinct changes and forest regeneration between ca. 1500 cal. BP and 1000 cal. BP when C. betulus
recorded an optimum in the forests. Since ca. 1000 cal. BP most of
the tree taxa including hornbeam retreated with a simultaneous
increase of human impact based upon the pollen indicators of
cultivated land and ruderal habitats (Fig. 3).
Microscopic charcoal inﬂux is much lower in this phase, with
distinct increases at ca. 1450 cal. BP, 1300 cal. BP, and 1050 cal. BP
and in the top section. MAC is low with the lowest background
charcoal recorded. However, ﬁve distinct signiﬁcant ﬁre episodes
and one insigniﬁcant were recorded in regular intervals between
ca. 1300 and 700 cal. BP. The most recent ﬁre episode e the only
insigniﬁcant charcoal peak e is connected with the highest peak of
MAC during the last century, which is also mirrored by MIC.

5.1. Critical transitions, hydrological dynamics and peat carbon
accumulation rates

4.3. Fires and critical transition in the vegetation e RDA and TITAN
analyses
Redundancy analysis (p ¼ 0.019) of the pollen percentage and
environmental variables connected with the water table, carbon

5. Discussion

We summarised the most important proxy data inferred from
the Głe˛ boczek core and compared them to archaeological data
(Fig. 9). The site crossed different critical transitions and was always

Fig. 7. Redundancy analysis based on the chosen taxa pollen and non-pollen palynomorphs (%) vs accumulation rates (PAR) and inﬂux of the macro- (MAC500 - size
>500 mm, MAC100_500 - size 100e500 mm), micro-charcoal (MIC) and depth to the
water table (DWT). The Model was signiﬁcant overall p ¼ 0.003, ﬁrst axis was significant p ¼ 0.004, two explanatory variables were signiﬁcant: MAC MAC100_500 p ¼ 011
and MIC p ¼ 0.016. (Taxa abbreviations: PINUS - Pinus sylvestris, BETULA - Betula alba t.
ALNUS - Alnus glutinosa t. ULMUS - Ulmus, CORY - Corylus avellana, QUE - Quercus, TIL Tilia cordata, CARP - Carpinus betulus, FAGU - Fagus sylvatica, POA - Poaceae, CULT Cultivated plants, RUD - Ruderals, RUMX - Rumex acetosa/acetosella, COPR - Coprophilous fungi, HDV1 - Gelasinospora, NEUR - Neurospora, PTER - Pteridium aquilinum,
CYPER - Cyperaceae, SPH - Sphagnum, THELY - Thelypteris palustris, FILI - Filipendula,
NYMPH - Nymphaeaceae, POTA - Potamogeton, BOTR - Botryococcus, TETR - Tetraedron
minimum, SCEN - Scenedesmus ellipticus, PEDI - Pediastrum).

12

M. Lamentowicz et al. / Quaternary Science Reviews 225 (2019) 105954

unstable in its development. The small Głe˛ boczek basin experienced periods of intense human impact, however it was also
possibly affected by different climatic events during the last 6500
years. Oligotrophication and subsequent eutrophication regime
shifts through time are connected with ﬂooding and human
impacts.
We identiﬁed four major critical transitions in the local hydrology and composition of the local peat-forming vegetation: 1)
5.9 cal BP Sphagnum decline, 2) ca. 4.2 cal. BP. second Sphagnum
decline after the peak at ca. 4.5 cal BP., 3) Wet and eutrophic phase
between 3300 and 1650 cal. BP, and an abrupt Sphagnum
encroachment around ca. 1600 cal. BP. On the other hand we
inferred a local ﬁre threshold (ca. 7500 part./cm2/yr) represented
by the microcharcoal inﬂux (MIC) which was highly important for
the divergence of ﬁre related taxa in the area. To our knowledge this
is the ﬁrst time that such an environmental reconstruction has
been made for this part of Europe. The ﬁre threshold is only based

Fig. 8. Tipping point in vegetation community composition in relation to microcharcoal (MIC).(A) Plant taxa change points along the micro charcoal (MIC) gradient
(purity >99%, p < 0.05 in >99% bootstraps) showing 5% and 95% bootstrap percentiles;
dot colours show the taxa that either increase (zþ) or decrease (z-) in abundance along
the MIC gradient. Critical changing area reﬂects the 5%e95% bootstrap percentile range
(in grey) of community change point (see subset c). (B) Plant community change point
along the MIC gradient showing community threshold (dotted line) at max([sum(z_)])
and 5%e95% bootstrap percentile range. [sum(z_)] values represent the sum of responses for each possible change point along the gradient. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the Web version of
this article.)

upon the data for this site and similar calculations should be
attempted for other regions. A similar approach from Poland, which
focused upon water table depth changes and the plant macrofossil
record has recently been published (Lamentowicz et al., 2019). The
study revealed a tipping point value of the ground water table that
is critical for the functional shift below ca. 12 cm (DWT) in the
Sphagnum peatland ecosystem. Identiﬁcation of the ecological
tipping points and critical transitions at different temporal and
spatial scales is highly important (Lenton et al., 2008; Scheffer et al.,
2012) for active nature protection and the management of wetland
ecosystems as it creates a consistent functional target for ecological
restoration (Doncaster et al., 2016; Jassey et al., 2018; Lamentowicz
et al., 2019).
The ﬁre threshold (ca. 7500 part./cm2/yr) might be regarded as
very local, however, it shows the boundary beyond which vegetation started to change in terms of human impact. It is difﬁcult to tell
however, how much climate change shaped this value. As the MIC
data are related to regional ﬁre activity, the threshold may be
representative for the studied region. This kind of baseline might be
signiﬁcant as a reference for monitoring purposes and allow better
understanding (in both space and time) of the spatial distribution
of regions with the highest ignition potential. Palaeoecology-based
identiﬁcation of ﬁre thresholds is especially important for the
conservation strategies of the Arctic and permafrost (Mack et al.,
2011; Turetsky et al., 2016) regions where ﬁres have been appearing more frequently in recent years connected with recent climate
change (Cockburn, 2019). Głe˛ boczek mire is an example of an area
which has been intensively burned at both the local and regional
scale due to a high density of past human societies. Most probably,
the threshold value will be different in areas with different human
impact, however, we reveal the possible human-related ﬁre tipping
point which irreversibly changed the surrounding vegetation
composition. The next attempt will be to make a synthesis using
many sites possessing MIC data from N Poland, as previously made
for water table depth (Lamentowicz et al., 2019).
The context of ﬁre occurrence thresholds and past dynamics
becomes more important when we consider recent global warming. Our new data show that the combination of highly ﬂammable
vegetation (woodlands in the mire were dominated by P. sylvestris)
and past human disturbance is also relevant for ongoing and future
 ski et al.,
changes of ﬁre frequency in a changing climate (Słowin
2019).
Głe˛ boczek mire went through various hydrological and trophic
states from a vascular plant-dominated peatland to a Sphagnumdominated peatland. It is always a difﬁcult task to interpret to what
extent human impact was responsible for these changes, however,
we believe that the small Głe˛ boczek basin was very sensitive to any
land-use changes in the catchment. The mire was very unstable
hydrologically which is expressed in wet eutrophic (telmatic)
stages and Sphagnum-dominated acid phases. Sphagnum is present
in the peat proﬁle between ca. 6500-6000 (500 years), 48204350 cal. BP (530 years) and then continuously in more recent time
since ca. 1500 cal. BP (1500 years). These shifts might be interpreted
as transitions into ombrotrophy (bog stage) when local ground
waters decreased - possibly also driven by lake water tables
affecting the mire. The basin might have been connected to the
nearby lake during very wet stages and disconnected during
persistent droughts. The Głe˛ boczek peatland became wetter since
ca. 4300 cal. BP with an inundation trend between ca. 32001650 cal. BP (Fig. 9). The NPPs (indicated by the remains of
Pediastrum and Tetraedron minimum) and plant macrofossil data
suggest the presence of open water. This is conﬁrmed by the testate
amoebae data, which record very low concentrations during this
time interval. We therefore interpret this as a stage of intermittent
ﬂooding alternating with drying events, with relatively long
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Fig. 9. Synthetic diagram of the Głe˛ boczek multi-proxy data. A) More important climatic events connected to Bond cycles that possibly inﬂuenced the peatland development.. B)
Archaeological chronology: ME - Mesolithic, NE - Neolithic, BE - Bronze Age, HA - Hallstatt Period, LT - La Tene (Pre-Roman) Period, RP - Roman Period, MP - Migration Period, EM Early Middle Ages, LM - Late Middle Ages, MO - Modern Period.. C) Archaeological cultures: MC e Mesolithic C., FBC - Funnel Beaker C., GAC - Globular Amphora C., CWC - Corded
Ware C., IC - Iwno C., TC - Trzciniec C., LC - Lusatian C., WP - Wielka Wies Phase, PC - Pomeranian C., OC - Oksywie C., WC - Wielbark C., SC - Slavic C., PL - Polish C. D) Tetraedron
minimum - indicating open water (%). E) Pediastrum - indicating eutrophication and open water (%). F) Sphagnum from the macrofossil record in indicating oligotrophic stages (%). G)
Chara oospores - absolute values from the plant macrofossil record. H) Carpinus betulus percentage from the pollen record. I) Pollen indicators of cultivated ﬁelds (Hordeum t. cf.,
Secale cereale, Cerealia t. Centaurea cyanus, Fagopyrum) (%). J) Trees and shrubs from the pollen record (%). K) Testate amoebae-based reconstruction of the water table depth (cm). I)
CAR - peat carbon accumulation rates gC/cm3/yr. J) Statistically signiﬁcant ﬁre peaks/episodes calculated with the software CharAnalysis (Higuera et al., 2010). J) MAC - macroscopic
charcoal inﬂux (presented as sum of particles >500 mm and 100e500 mm) (particles/cm2/year). K) MIC - microscopic charcoal inﬂux.

periods of open water events. Just after the last telmatic stage the
mire shifted abruptly into the bog stage with Sphagnum domination. Such frequent state shifts in mires have rarely been described
in the literature, and most studies have focused upon the fen to bog
transition as an effect of lake terrestrialisation and then acidiﬁca ski et al., 2016). Terrestrialisation
tion (Lamentowicz, 2005; Słowin
is typical for peatlands situated in the recently glaciated areas of CE
 ski, 1949; Tobolski, 2003; Ga˛ siorowski et al., 2009).
Europe (Kulczyn
The lack of stability recorded in the Głe˛ boczek proﬁle is similar to
other kettle hole peatlands in the Tuchola Pinewoods area (at a
distance of 50 km from Głe˛ boczek) (Lamentowicz et al., 2008b) however this site experienced severe hydrological ﬂuctuations
which led to a 500-year hiatus recorded at the top of the proﬁle.
The testate amoebae data (including periods of low abundance)
suggests that the hydrology of the mire was highly unstable. Surprisingly, the telmatic stage between ca. 3300-1650 cal. BP is not as
clearly visible in the NPP data. It is highly probable that the surface
of the peatland was inundated seasonally (e.g. after snow melt or

heavy rainfall) and remained for a part of the year under shallow
water. This process was recorded for several peatlands in Poland
_
such as Linje (Marcisz et al., 2015), Zabieniec
(Lamentowicz et al.,
2009a) and Tuchola (Lamentowicz et al., 2008b). Another
example is the Mukrza mire which is also located in the Tuchola
Pinewoods. This site was permanently inundated as result of
damming of the Wda river which caused a local increase of the
ground water which percolated through the sandy deposits of the
outwash plain (Lamentowicz and Obremska, 2010). For the
Głe˛ boczek proﬁle, Centropyxis aculeata peaks might be considered
as a signal of wetter conditions and higher trophy (Lamentowicz
and Mitchell, 2005). Very low concentrations of TA during the telmatic stage may also suggest that TA species typical for peatlands
did not have good conditions for their development or they could
have been washed into the lake basin during temporal ﬂooding of
the peatland. The lack of clear lake indicators like Difﬂugia spp.
suggest that the mire remained terrestrial for at least part of the
year. In the case of the Tuchola mire, Diffugia urceollata was an

14

M. Lamentowicz et al. / Quaternary Science Reviews 225 (2019) 105954

indicator of inundation which would suggest that this peatland
possessed long-term high water table with additional nutrient inputs (Lamentowicz et al., 2008b). The contrast between NPPs and
TA is highly intriguing, but it also suggests that small kettle hole
peatlands with small catchment areas respond sharply to snowmelt and higher precipitation which result in ﬂooding. They are
also closely related to changes in the catchment conditions;
therefore, land use features may modify the hydrological signal. In
this sense they are closer to lakes in their signal than to large raised
bogs which are expected to store the regional climatic signal
(Charman, 2002). The development of raised bogs is more related to
autogenic changes connected to the movement of microforms
(Kettridge et al., 2012). In the case of small basins (several hectares
in size), autogenic changes might play a less important role,
providing a sharper allogenic signal (Warner et al., 1989;
Lamentowicz et al., 2008b; Marcisz et al., 2015). Finally, we can
state that small peatlands are less resilient than extensive sites
which makes the more useful to identify subtle local changes.
However, this question needs more studies in the future to quantify
basin vs tipping point relationships.
The CAR was generally stable during the Mesolithic-Neolithic,
lower during the Bronze Age, increased at 2330 cal. BP and then
decreased during the Early Medieval period (Fig. 9). CAR ﬂuctuations are not directly correlated to the plant macrofossil composition as we would expect to see higher values during periods of
Sphagnum dominance. However, the CAR curve closely resembles
the MIC and MAC curves which could suggest that ﬁre occurrence
in the catchment altered the hydrology of the site (increases in
water table) which in turn affected long-term carbon accumulation.
The peat proﬁle was very heterogenous therefore the plant
composition was most possibly responsible for the CAR changes. In
the top part (25 cm ¼ 100 cal. BP) CAR reached 74e550 g C/m2/yr
(aver. ¼ 185 g C/m2/yr) - however, it is connected with the presence
of the non-compacted acrotelm. These high CAR values are comparable with other peatlands from Poland (Bagno Mikołeska
recorded CAR values between 140 and 142 g C/m2/yr (FiałkiewiczKozieł et al., 2014), Rzecin peatland recorded CAR values between
170 and 190 g C/m2/yr (Milecka et al., 2017) and Teici bog (Latvia)
recorded CAR values of 169 g C/m2/yr (1.69 t C/ha/yr) during the last
180 years (Stivrins et al., 2018).
Considering the peat proﬁle below 25 cm depth (in the catotelm) CAR was 37 g C/m2/yr and varied from 2 to 97 g C/m2/yr. Such
values are unexceptional and are comparable with other peatlands
from Europe or N and S America, where long and compacted proﬁles were analysed (Loisel and Garneau, 2010; Loisel and Yu, 2013;
Loisel et al., 2014; Gallego-Sala et al., 2018).
5.2. Hornbeam (Carpinus betulus) history and increasing human
pressure
Carpinus betulus is the important tree species that became more
abundant since ca 3000 cal. BP along with increased ﬁre activity.
This covers the period from the Late Bronze Age to Early Middle
Ages. The distinct increase in C. betulus around ca. 1600 cal. BP is
associated with a decline of human impact in CE Europe (RalskaJasiewiczowa et al., 2003, 2004). Today pristine C. betulus wood_ Forest (Latałowa et al., 2015). At
lands are only found in Białowieza
the Głe˛ boczek site C. betulus occurred in low abundance during the
Neolithic and the Bronze Age, then started to expand and its ﬂuctuations are associated with regeneration related to changing human impacts (Fig. 9). Increased forest openness around Głe˛ boczek
was recorded during the Iron Age when C. betulus abundance
decreased. The pattern of the spread of C. betulus and ﬁre activities,
might suggest that humans may have been responsible for the
changing abundance of C. betulus as through the exploitation.

Forest cutting and ﬁres introduced space for this species. Such
patterns were noted for the hornbeam forests of Greater Poland
(Polish: Wielkopolska), which experienced increased abundance of
C. betulus along with intensifying human impact since the Bronze
Age (Makohonienko, 2000). Moreover, the timing of the expansion
of C. betulus and its ﬂuctuations correlate well with the proﬁle from
the Tuchola kettle hole mire (Lamentowicz et al., 2008b) as well as
other sites in the area (Hjelmroos, 1981; Berglund and MiotkSzpiganowicz, 1992). The peak in abundance of this species is also
well marked in both sites and can be related to the Migration Period
(Zolitschka et al., 2003; Kaplan et al., 2009; Buntgen et al., 2011;
Kołaczek et al., 2018). At the Głe˛ boczek site C. betulus decreased
around ca 1000 cal. BP as a result of the development of the Early
Medieval economy, however, no clear response of other tree taxa
was recorded, for example Betula increases in abundance (Fig. 3).
This pattern suggests the importance of this species as it was
especially selected and used mostly as ﬁrewood during the Middle
Ages (Cywa, 2018). It is conﬁrmed by the simultaneous increase of
the macro charcoal with the Carpinus betulus decrease. A similar
process of C. betulus disappearance in the Middle Ages was
described by Makohonienko (2000) for Greater Poland. The horizon
at ca. 1000 cal. BP is another important threshold meaning the loss
of the virgin forest along with the development of the Polish state
(Makohonienko, 2000). The history of this species which is connected with Medieval loss of forest naturalness is interesting and
needs more attention in future studies. There is also an intriguing
correlation between the spread of C. betulus during the Migration
Period and the abrupt increase of Sphagnum in the proﬁle. This
suggests oligotrophication and decreasing water table depths in the
peatland may have had a climatic origin. This pattern is so striking
that it deserves our attention in the future.
5.3. Signal of the past societies
Although the development histories of many sites appear to be
well documented, large gaps remain in our understanding of
peatland ecosystem dynamics in relation to various stressors. The
amount and types of disturbance in prehistoric central Europe
landscapes since the retreat of the Vistulian ice sheet are still not
well understood. Traces of past human activities are recorded in the
Głe˛ boczek proﬁle. The peatland ecosystem was affected by various
drivers connected with climate change and human activities.
Changes to the vegetation of the mire and its surroundings were
driven by extrinsic processes such as climatic ﬂuctuations and
those connected with gradually emerging human communities
during the last 6500 years. The data show that even small changes
in terms of forest cutting or burning may have had a distinct signal.
The Głe˛ boczek proﬁle recorded intense anthropogenic ﬁre activity
in the surroundings, which suggests the importance of the area for
the societies who were actively changing the landscape. Local ﬁres
represented by the MAC record indicate climate and human impact.
MAC and cultivated area pollen indicators suggest that local human
communities started changing the Głe˛ boczek mire landscape as
early as the Neolithic (ca. 5500 and 5000-4500 cal. BP) and later in
the Bronze Age (ca. 3700-3200 cal. BP). Lower local ﬁre activity was
recorded during the late Bronze Age and the Hallstatt Period which
may suggest a reduced importance of the area for people during
this time interval, when the climate may have been wetter (as
recorded by the micro-algal record). Increased precipitation may
have supressed ﬁre activity. We also recorded a hiatus in the top
peat layers, possibly as a result of peatland burning. Other ﬁre records from Poland do not show such distinct charcoal layers in the
peat (Marcisz et al., 2015, 2017, 2019). Based on the MIC and pollen
records, we determined a community threshold value of 7500
charcoal part./cm2/yr at which vegetation changes have been
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observed. Anthropogenic indicators (such as Plantago lanceolata
and Rumex acetosa/acetosella t.) as well as Pinus sylvestris responded positively to ﬁres (Fig. 8). This threshold determines the critical
consistent transition that related ﬁres to human impact on the
vegetation that took place ca. 3700 years BP when the level of 7500
charcoal part./cm2/yr was consistently crossed until today. It was
also intermittently crossed ca. 6000 and 5500 years BP, when it was
natural or possibly connected to the activity of the Meso- and
Neolithic societies.
We compared existing archaeological data and our multi-proxy
palaeoecological indicators of human impact. In total, 19 sites situated within a radius of approx. 7 km from Głe˛ boczek were identiﬁed based upon archival research, as well as the available
literature (all mentioned archaeological sites are presented in Fig. 1
and Supplementary Table 1). Archaeological reconnaissance ﬁeld
surveys undertaken during the last years at nearby Lake Czechowskie (Fig. 1) served to document the presence of a few sites
situated in the Iwiczno village.
5.3.1. Beginnings e Mesolithic
The oldest known archaeological artefacts in the Głe˛ boczek vi sko village (Łe˛ ga,
cinity are Mesolithic ﬂint artefacts found in Młyn
1946). The Głe˛ boczek archive registered signal of early communities (Mesolithic (?) and Neolithic) impacts upon the environment,
but past societies were also considerably affected by climatic
changes. A decline of Sphagnum and a transition of the mire into an
eutrophic stage can be related to the 6000 cal. BP event marking a
climate induced change triggering the transition to the Neolithic
(Warden et al., 2017). This climate warming after ca. 6000 cal. BP is
thought to have supported the Mesolithic-Neolithic transition in N
Europe (Warden et al., 2017).
Only a few traces of single short-lived Mesolithic camp sites
were discovered in the Tuchola Pinewoods (Grabarczyk, 1992;
 ski, 2016). Importantly, in the Klonowice site, situated only
Kabacin
about 10 km W of Głe˛ boczek, a complex of camp sites was discovered with ﬁnds from the Mesolithic and Neolithic as well as the
 ska, 1995; Go
 rska-Grabarczyk, 1996).
early Bronze Age (Doman
Numerous Mesolithic sites were documented ca 35 km from
Głe˛ boczek to the WSW, in the Brda and Zbrzyca river valleys
(Bagniewski, 1986, 1987). Some of them received very late radiocarbon dates (5000-4000 BP) (Bagniewski, 1987) and they may be
evidence for signiﬁcant activity of the hunter-gatherer
communities.
5.3.2. Neolithic
A number of artefacts connected with the Neolithic have been
discovered in the villages of Czarne and Iwiczno (Bericht, 1888). The
Neolithisation of Eastern Pomerania began 7250/7150 cal. BP
(Czerniak et al., 2016). It resulted from the spread of the Linear
Pottery Culture (LPC) farmers, who came into contact with huntergatherer communities (Felczak, 2009; Czekaj-Zastawny et al.,
2013). Several LPC sites are known for the area adjacent to the
Vistula River valley, situated ca 30e35 km SE and ESE of Głe˛ boczek
(Felczak, 1987, 1998, 2009, 2009; Jarze˛ cka and Kochanowski, 2005;
Kochanowski, 2005; Felczak, 2009; Czekaj-Zastawny et al., 2013;
Kurzyk and Ostasz, 2015; Szmyt, 2017; Czerniak, 2018; Czerniak,
2018, 2018; Sikora et al., 2018).
From an archaeological point of view, the data obtained in the
area of the Tuchola Pinewoods do not conﬁrm an intense colonisation during the Neolithic (Grzelakowska, 1989a; Grabarczyk,
1992). The dominant ones are loose ﬁnds - mostly potsherds and
stone axes (Rajewski, 1932; Łuka, 1974; Grabarczyk, 1992). Occasionally, elements of the LPC were discovered and the Globular
Amphora Culture (GAC), as well as the Corded Ware Culture (CWC)
(Jankowska, 1983), came to the conclusion that the Tuchola
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Pinewoods area was penetrated by small groups of people involved
in forest cattle grazing during the Neolithic which may account for
the weak evidence for human impact recorded in the Głe˛ boczek
proﬁle. Jankowska (1983) and Grzelakowska (1989b) also
emphasised the role of stock breeding in the economy of the FBC
people in Pomerania, however cultivation on a small scale is not
excluded. We recorded the ﬁrst pollen indicators of agriculture at
ca. 6100 cal. BP, but continuous signals of agrarian societies in the
Głe˛ boczek proﬁle started at ca. 5000 cal. BP which suggests a
smooth transition from hunter-gatherer into farming societies. This
horizon can be regarded as the transition to the farming lifestyle of
the Neolithic Revolution in the study area. The charcoal and pollen
signals at ca. 5600 cal. BP possibly resulted from the activities of the
FBC people.
5.3.3. Bronze Age
The cultural pattern of the area is not clear at the transition from
the Neolithic to the Bronze Age, which in this part of Pomerania
should be associated with the settlement of the Iwno Culture (IC)
people (Włodarczak, 2017). Traces of IC settlement were discovered
in the vicinity of the Vistula River Valley (Kurzyk and Ostasz, 2015),
at a site situated more than 40 km NE of Głe˛ boczek. In the Tuchola
Pinewoods, only a few sites are dated to the early Bronze Age and
connected with the activity of IC as well as the Trzciniec Culture
(TC) people (Grzelakowska, 1989a) e all are situated between 15
and 45 km to the W of Głe˛ boczek. Analysis of the distribution of
sites dated to the older Bronze Age also indicates a very low number
- in a radius of ca. 15e20 km from Głe˛ boczek, there were sites in:
Grabowo, Lesna Jania and Ła˛ g (Da˛ browski, 2004). The increase in
human impact on the vegetation was noted in pollen proﬁles from
the Tuchola Pinewoods at the turn of the Neolithic and the Bronze
Age. This could be associated with the development of forest cattle
grazing and cereal cultivation (wheat, barley, and perhaps rye)
(Hjelmroos, 1981; Berglund and Miotk-Szpiganowicz, 1992; MiotkSzpiganowicz, 1992).
In this context, the Głe˛ boczek data support the increased human
impact during the Neolithic and Bronze Age. In the Głe˛ boczek record we have found a strong Bronze Age anthropogenic signal since
4000 cal. BP marked by the cultivated land indicators, local deforestation and ﬁres expressed by the peaks of the macro charcoal at
ca. 3540 (IC) and 3380 cal. BP (TC). This clear signal suggests that
the area was possibly densely populated during this time. However,
there is no clear evidence from archaeological sources as no
archaeological investigations have been undertaken nearby.
5.3.4. Late Bronze Age and early Iron Age
Signiﬁcant cultural changes in Eastern Pomerania began during
the middle Bronze Age. During this period (ca. 3250 cal. BP), new
trends in funeral rites appeared e i.e. cremation. The settlement
and occupation of the microregion by Lusatian Culture (LC) people
was studied in Lesno (Walenta, 2008), situated ca 35 km NW of
Głe˛ boczek. However, the LC settlement during the younger Bronze
Age was scattered in the Tuchola Pinewoods area and the sites are
 rska-Grabarczyk, 1998). The situation
not numerous (Łuka, 1983; Go
changes markedly in the Early Iron Age (Dzie˛ gielewski, 2017a,
2017b). At this time, the Pomeranian Culture (PC) developed in
Eastern Pomerania. In the surroundings of the study site there are
burial grounds with stone box graves and other ﬁnds from this
period. A large number of cemeteries with stone box graves dated
to the Early Iron Age were recorded throughout the whole area of
Eastern Pomerania (Łuka, 1983), as conﬁrmed by the results from
 ski, 2011) and Tuchola Pinewoods
the Starogard Lakeland (Fudzin
(Grabarczyk, 1992). Remnants of a PC settlement are known from
Odry (Łuka, 1966; Grzelakowska, 1990), Lesno and Zalesie
(Walenta, 2008).

16

M. Lamentowicz et al. / Quaternary Science Reviews 225 (2019) 105954

Stone grinders discovered in the Lusatian Culture (LC) settlements in Lesno (Grzelakowska and Balwierz, 1985; Grzelakowska,
 ski, 1990;
1989a; Walenta, 1992a), and Racia˛ z_ (Kmiecin
Grabarczyk, 1992) as well as re-used for the box graves’ constructions (Ossowski, 1879). Cereal crops carried out by the PC people are
conﬁrmed by grain prints on pots and charred grains found in plant
 rski, 1979). Archaeologists
macro remains (Klichowska, 1979; Podgo
however believe that stock breeding played a more important role
than crop cultivation in the PC community economy (Łuka, 1974;
Grzelakowska, 1989b; Grabarczyk, 1992). The results of former
palynological research indicate that intense development of pastures and arable ﬁelds with cultivation of cereals, as well as distinct
deforestation in the Tuchola Pinewoods date from the younger
Bronze Age till the mid Pre-Roman Period (Berglund and MiotkSzpiganowicz, 1992; Miotk-Szpiganowicz, 1992). In this context,
the wet stage in Głe˛ boczek dated to 3200-2400 cal. BP is marked by
an increase of cultivated land indicators and Tetraedron minimum
algae. This could conﬁrm strong human impact during this time
and increased openness in the landscape around the mire. This
algae maximum appeared later than the cultivated land pollen
indicators which suggests a time lag after the forest clearances.
Independently, such a correlation suggests a strong dependence
upon the basin hydrology and the surrounding vegetation. Simultaneously there were few local ﬁres (indicated by the macroscopic
charcoal), therefore we could assume that the wetter climatic phase
overlapped with Bronze Age and the Early Iron Age human activities (Ossowski, 1879; Łuka, 1974; Grzelakowska and Balwierz,
 ski, 1990; Grabarczyk,
1985; Grzelakowska, 1989a, 1989b; Kmiecin
1992; Grabarczyk, 1992, 1992; Walenta, 1992a).
In Eastern Pomerania, a high level of depopulation has been
proposed during the Pre-Roman Period (Łuka, 1983; Strobin, 2017).
The number of known sites from this period decreased signiﬁcantly, which should be combined with signiﬁcant cultural and
settlement changes (Strobin, 2017). Based on the archaeological
data, the Tuchola Pinewoods area was uninhabited between the ca.
2200 cal. BP and until the ca. 1900e1875 cal. BP (Walenta, 1980;
Kokowski, 1988; Strobin, 2011). However, a continuous settlement
by PC communities to the Roman Period in separate microregions
of the Tuchola Pinewoods area has also been considered (Berglund
and Miotk-Szpiganowicz, 1992; Walenta, 1992b), and also from
Czechowskie Lake (Obremska et al., 2017). Cemeteries of the
Oksywie Culture (OC) people from the Younger Pre-Roman Period
(ca. 2200-2100 cal. BP) are more frequent in the Vistula River valley,
but they also occur in the Pomeranian Lakeland e e.g. in Chwarzno
ca 12 km N of Głe˛ boczek (Strobin, 2011).
5.3.5. Roman Period to the Middle Ages
The Głe˛ boczek area is almost completely devoid of documented
remnants from the Roman Period. However, a cemetery of the
Wielbark Culture (WC) people dated to the Early Roman Period are
 ska, 1974) ca. 7 km E
known from Osowo Lesne (Szyman
 ska, 1974) Czarna Woda and Złe Mie˛ so (Grabarczyk, 1997)
(Szyman
ca. 7 km SW, and Struga (Słowik, 1997) ca. 10 SW of Głe˛ boczek. The
large necropolis with barrows and stone constructions from this
period were excavated in Odry (Grabarczyk, 1997) ca. 15 km W and
in Lesno (Walenta, 1980, 1999) and 35 km NW (Słowik, 1997) of the
site area.
The most intense occupation of the WC societies was from ca
1870 to ca 1680 cal. BP (Grabarczyk, 1985, 1997; Walenta, 2009).
The WC people settlement in Ostrowite was dated however from ca
1900 cal. BP to ca 1550e1600 cal. BP (Sikora et al., 2018). The evidence for intense economic activity, including agriculture, during
this period was documented in archaeological materials (see
Grabarczyk 1992, 1997; Walenta, 2009). In Odry, a quern-stone was
excavated (Grabarczyk 1992), as well as traces of ploughing

 ski, 1968), which could be connected to the Roman Period
(Kmiecin
(Kittel, 2005).
Palaeoecological signal from the Głe˛ boczek site are contrasting
to the lack of archaeological sites from the study area. The human
impact signal decreased in the Głe˛ boczek proﬁle after ca. 3380 cal.
ne)
BP and increased again later during the Pre-Roman (La Te
Period, and the Roman Period with the strongest signal between ca.
1800 and 1600 cal. BP (marked by high ﬁre activity and deforestation). It was connected with the WC societies which expanded
during this time in Pomerania and reviewed in archaeological and
palaeoecological sources (Grabarczyk, 1985, 1997). In the neighbouring Lake Czechowskie the record of human impacts related to
the WC covers nearly 400 years (between ca. 1900 and 1400 cal. BP)
(Obremska et al., 2017). During this time a deforestation signal
(including C. betulus) was inferred together with higher local ﬁre
activity. A subsequent reduction in burning, reforestation (expansion of C. betulus) and oligotrophication of the site was an effect of
the settlement hiatus during the Migration Period.
Traces of human activity in Eastern Pomerania are also very rare
for the period from the end of the ca. 1650e1300 cal. BP. The
Migration Period is represented by only a very few sites in the
 ska, 2007; Kokowski,
Eastern Pomeranian territories (Ma˛ czyn
2016). In the early Middle Ages, ring-forts became settlement
w,
centres. The nearest to Głe˛ boczek are the strongholds in Grabo
_ Ostrowite and Obrowo (Zoll25 km to ESE and in Racia˛ z,
Adamikowa, 1969; Sikora et al., 2017) located 40e45 km to the
SW of Głe˛ boczek.
5.4. Possible climatic drivers
Our multi-proxy study provided not only information about the
impacts of past human societies on the local environment, but it
also allowed us to investigate the potential climatic drivers which
affected the mire. We identiﬁed distinct shifts in the palaeohydrological and trophic nature of the site recorded by the testate
amoebae, plant macrofossil and peat carbon accumulation rate data
(Fig. 9).
The cold event at ca. 4200 cal. BP might be connected with the
end of the second Sphagnum increase and decrease in the Głe˛ boczek carbon accumulation rates. This episode has been globally
recognised (Cullen et al., 2000; Bond et al., 2001; Marchant and
Hooghiemstra, 2004), however Sphagnum encroachment ﬁts better to the cold event determined ca. 4800 cal. BP by Wanner et al.
(2011). Contrasting responses have been identiﬁed in different
parts of the world - causing droughts at lower latitudes as well as
cooler and wetter conditions at higher latitudes (Booth et al., 2005).
In the case of the Głe˛ boczek site, Sphagnum encroachment overlaps
with reduced human impact and the global cold period (Wanner
et al., 2011), this might suggest less favourable climatic conditions
for the local communities. Fluctuations of the water table in the
peatland and the surrounding hydrological system could be an ef_
fect of climate cooling (Wanner et al., 2011). Sta˛ zki
raised bog
(located near Kartuzy) experienced a similar phase ca. 4200 cal. BP
(Gałka et al., 2013) as well as Tuchola mire which includes a hiatus
and records lower peat accumulation rates (Lamentowicz et al.,
2008b). These are different peatland types and the responses
reﬂect different patterns, but in the end they experienced lowered
water tables at ca. 4.2 k. cal. BP. However, the robustness of the agedepth models in these studies is distinctly lower; hence, these
chronological inferences considering the ‘4.2 k. BP event’ are more
tentative. We should stress that also local catchment and autogenic
processes can be responsible for the hydrological/trophic changes
in Głe˛ boczek, however, we cannot exclude the climate as the driver
of change in the mire ecosystem.
At ca. 3500 cal. BP a prolonged wet shift occurred and lasted for
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ca. 1600 years. The increase of the water table might be partly
connected with climatic changes. The telmatic stage probably
resulted in the intermittent inundation of the surface. This is the
time of the development of the Bronze Age and Early Iron Age
societies in the area. The weakening human impact signal during
the higher water table phase between ca. 2800-2600 cal. BP
possibly reﬂects higher effective precipitation which affected the
Lusatian Culture at the Biskupin settlement (Dzie˛ gielewski, 2017b).
_
Baltic bogs (Bagno Kusowo, Sta˛ zki
and Ga˛ zwa) in N Poland
responded as well with higher accumulation rates and synchronous
change in the plant composition towards the Sphagnum fuscum/
rubellum dominated communities (Gałka et al., 2013, 2015). This
wet shift has also been observed in other European wetlands
(Martin-Puertas et al., 2012) and has been interpreted as the effect
of the grand solar minimum at ca. 2800 cal. BP by some authors
(van Geel et al., 1996). We expected to see the clear ca. 2600 cal. BP
wet climatic shift but the peatland remained hydrologically unstable during this period. However, at ca. 2400 cal. BP carbon
accumulation rates increased sharply along with a higher number
of Chara oospores. This can indicate higher accumulation rates of
organic matter under the moister climate conditions. However, this
period is also connected with a higher human impact and local ﬁres
which potentially led to deforestation and increases of the water
level in the mire as well as in Lake Głe˛ boczek, which is an alternative explanation (non-climatic) for this wet shift.
The Głe˛ boczek proﬁle recorded a pronounced climatic and societal shift during the Dark Ages Cold Period (DACP) (Williams,
2000; Helama et al., 2017), which is indicated by the decrease in
pollen indicators of human impact. This climatic deterioration
affected past societies and triggered the Migration Period (ca. 16001300 cal. BP) (Buntgen et al., 2011; Moschen et al., 2011). The signal
of the cooler and possibly wetter conditions is expressed by the
decrease of macro charcoal as well as a sharp transition to the
Sphagnum-dominated ecosystem. At this point in time Głe˛ boczek
crossed the next ecological tipping point.
6. Conclusions
We provided a new proxy-based reconstruction of the past
environmental change and human impact in N Poland based on the
densely-dated peat proﬁle. The archaeological data conﬁrm a human presence in the Głe˛ boczek area as early as the Neolithic. This
peatland connected with the wetland system of the nearby lakes
experienced several critical transitions and bog-fen-bog shifts
which imply connection and disconnection from the local ground
water tables. Using the charcoal and pollen data we determined
that the local pollen-based community threshold for ﬁre intensity
(measured as micro charcoal inﬂux) is ca 7500 particles/cm2/year.
We discovered that it was also important tipping point for the
divergence between plants related positively (e.g. human indicators, Carpinus betulus) or negatively (e.g. Quercus) to the ﬁres.
The ﬁrst pollen grains connected with human activities were found
at ca. 6100 cal. BP, however there is evidence for constant human
impacts since ca. 5000 cal. BP.
Past societies actively affected the mire’s environment. The
strongest signal comes from the Neolithic (Funnel Beaker Culture,
Globular Amphora Culture and Corded Ware Culture), Bronze Age
(Iwno Culture, Trzciniec Culture and Lusatian Culture) and then
Pre-Roman and Roman Periods (Pomeranian Culture and/or Oksywie Culture and Wielbark Culture). These past societies exploited
the natural resources and actively used ﬁre.
Our data correspond well with the recent global assessment of
land use in the Holocene that shows the Earth largely transformed
by hunter-gatherers, farmers, and pastoralists by 3000 years ago
(Stephens et al., 2019). We also agree with Stephens et al. (2019)
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that large-scale anthropogenic global environmental change is
not a recent phenomenon that confronts with the emerging
Anthropocene deﬁnition.
The Głe˛ boczek proﬁle is the ﬁrst densely 14C dated multi-proxy
peat proﬁle which has been investigated in an archaeologically
unexplored area. We show that probably there are still many undiscovered archaeological sites in the area which might lead to new
interesting ﬁndings to better understand cultural development of
local societies from the Pomerania and their relations with the
natural landscape and resources.
The context of ﬁre occurrence thresholds and past dynamics
becomes more important when we consider recent global warming. Our new data show that the combination of highly ﬂammable
vegetation (woodlands in the mire were dominated by P. sylvestris)
and past human disturbance is also relevant for ongoing and future
changes of ﬁre frequency in a changing climate.
Declaration of interests
The authors declare that they have no known competing
ﬁnancial interests or personal relationships that could have
appeared to inﬂuence the work reported in this paper.
Acknowledgements
The research was funded by a grant from the National Science
Centre (Poland) (No 2015/17/B/ST10/01656). The work was also
made in the framework of the National Programme of Development
of Humanities project (No 2bH15015483) as well as budgetary
sources for scientiﬁc activity in 2016e2019, project number 0342/
IP1/2016/74. V.E.J.J. was supported by the French National Research
Agency (MIXOPEAT project, grant number ANR-17-CE01e0007).
We thank Julie Loisel help with the calculation of the peat carbon
accumulation rates. We thank also Jerzy Sikora and Paweł Zawilski
for deﬁning the chronology of the potsherd found during ﬁeld
 ski for
surveys in the Głe˛ boczek vicinity, and Sambor Czerwin
constructing the lidar terrain map of the study area.
Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.quascirev.2019.105954.
References
Bagniewski, Z., 1986. Remarks on mesolithic settlement in the southern part of
Kashubian Lakeland. In: Malinowski, T. (Ed.), Problems of the Stone Age in
Pomerania, pp. 128e153.
Bagniewski, Z., 1987. Mezolityczne społecznosci mysliwsko-rybackie południowej
cze˛ sci Pomorza Kaszubskiego. Acta Universitatis Wratislaviensis. Studia
Archeologiczne. 17, 1e140.
Baker, M., King R, S., 2010. A New Method for Detecting and Interpreting Biodiversity and Ecological Community Thresholds.
Barber, K.E., 1981. Peat Stratigraphy and Climatic Change. A Palaeoecological Test of
the Theory of Cyclic Bog Regeneration. A.A. Balkema, Rotterdam.
Barber, K., Charman, D., 2003. Holocene palaeoclimate records from peatlands. In:
Mackay, A., Battarbee, R.W., Birks, H.H., Oldﬁeld, F. (Eds.), Global Change in the
Holocene. Arnold, London, pp. 210e226.
 ski, W., Kobylin
 ski, Z., 2000. The past and future of the Polish
Barford, P.M., Brzezin
archaeological record project. In: Bintliff, J., Kuna, M., Venclov
a, N. (Eds.), The
Future of Surface Artefact Survey in Europe. Shefﬁeld Academic Press, Shefﬁeld,
pp. 73e92.
Behre, K.-E., 1981. The interpretation of anthopogenic indicators in pollen diagrams.
Pollen Spores 23, 225e245.
Bennett, K.D., 1996. Determination of the number of zones in a biostratigraphical
sequence. New Phytol. 132, 155e170.
Berglund, B.E., Miotk-Szpiganowicz, G., 1992. The human impact on the vegetation
of Bory Tucholskie on the basis of palynological investigations. Acta Universitatis Lodziensis, Folia Archaeologica. 16, 268e273.
Berglund, B.E., Ralska-Jasiewiczowa, M., 1986. Pollen analysis and pollen diagrams.
In: Berglund, B.E. (Ed.), Handbook of Holocene Paleoecology and

18

M. Lamentowicz et al. / Quaternary Science Reviews 225 (2019) 105954

Paleohydrology. Wiley & Sons Ltd., Chichester-Toronto, pp. 455e484.
€ologischen
Bericht, 1888. Bericht über die Verwaltung der naturhistorischen, archa
und ethnologischen Sammlungen des Westpreußischen Provinzial-Museums:
für das Jahr 1888. Danzig.
Beug, H.-J., 2004. Leitfaden der Pollenbestimmung für Mitteleuropa und angrenzende Gebiete. Verlag Dr. Friedrich Pfeil, München.
Birks, H.J.B., Birks, H.H., 1980. Quaternary Palaeoecology. Arnold, London.
Birks, H.J.B., Gordon, A.D., 1985. Numerical Methods in Quaternary Pollen Analysis.
Academic Press, London.
Blaszkiewicz, M., Piotrowski, J.A., Brauer, A., Gierszewski, P., Kordowski, J.,
Kramkowski, M., Lamparski, P., Lorenz, S., Noryskiewicz, A.M., Ott, F.,
Siowinski, M., Tyszkowski, S., 2015. Climatic and morphological controls on
diachronous postglacial lake and river valley evolution in the area of Last
Glaciation, northern Poland. Quat. Sci. Rev. 109, 13e27.
Blockley, S., Candy, I., Matthews, I., Langdon, P., Langdon, C., Palmer, A., Lincoln, P.,
Abrook, A., Taylor, B., Conneller, C., Bayliss, A., MacLeod, A., Deeprose, L.,
Darvill, C., Kearney, R., Beavan, N., Staff, R., Bamforth, M., Taylor, M., Milner, N.,
2018. The resilience of postglacial hunter-gatherers to abrupt climate change.
Nat. Ecol. Evol. 2 (5), 810e818.
w Tucholskich w
Bogaczewicz-Adamczak, B., 1990. Paleolimnologia jezior Boro
swietle kopalnych okrzemek. Zeszyty Naukowe Uniwersytetu Gdan
 skiego,
Rozprawy i monograﬁe 150, 1e133.
Bond, G., Kromer, B., Beer, J., Muscheler, R., Evans, M.N., Showers, W., Hoffmann, S.,
Lotti-Bond, R., Hajdas, I., Bonani, G., 2001. Persistent solar inﬂuence on north
atlantic climate during the Holocene. Science 294 (5549), 2130e2136.
Booth, R.K., 2010. Testing the climate sensitivity of peat-based paleoclimate reconstructions in mid-continental North America. Quat. Sci. Rev. 29 (5e6),
720e731.
Booth, R.K., Jackson, S.T., Forman, S.L., Kutzbach, J.E., Bettis, I.I.I., Kreig, J.,
Wright, D.K., 2005. A severe centennial-scale drought in midcontinental North
America 4200 years ago and apparent global linkages. Holocene 15 (3),
321e328.
Booth, R.K., Lamentowicz, M., Charman, D.J., 2010a. Preparation and analysis of
testate amoebae in peatland paleoenvironmental studies. Mires Peat 7 (2010/
11), 1e7.
Booth, R.K., Jackson, S.T., Notaro, M., 2010b. Using peatland archives to test paleoclimate hypotheses. PAGES News 18, 6e8.
Borren, W., Bleuten, W., Lapshina, E.D., 2004. Holocene peat and carbon accumulation rates in the southern taiga of western Siberia. Quat. Res. 61, 42e51.
Bronk Ramsey, C., 1995. Radiocarbon calibration and analysis of stratigraphy: the
OxCal program. Radiocarbon 37 (2), 425e430.
Bronk Ramsey, C., 2008. Deposition models for chronological records. Quat. Sci. Rev.
27 (1e2), 42e60.
Buntgen, U., Tegel, W., Nicolussi, K., McCormick, M., Frank, D., Trouet, V., Kaplan, J.O.,
Herzig, F., Heussner, K.U., Wanner, H., Luterbacher, J., Esper, J., 2011. 2500 years
of European climate variability and human susceptibility. Science 331 (6017),
578e582.
Carpenter, S.R., Scheffer, M., 2009. Critical Transitions and Regime Shifts in Ecosystems: Consolidating Recent Advances. New Models for Ecosystem Dynamics.
Chapin, F.S., Zavaleta, E.S., Eviner, V.T., Naylor, R.L., Vitousek, P.M., Reynolds, H.L.,
Hooper, D.U., Lavorel, S., Sala, O.E., Hobbie, S.E., Mack, M.C., Diaz, S., 2000.
Consequences of changing biodiversity. Nature 405 (6783), 234e242.
Charman, D., 2002. Peatlands and Environmental Change. Wiley, Chichester.
Charman, D.J., Blundell, A., Chiverrell, R.C., Hendon, D., Langdon, P.G., 2006.
Compilation of non-annually resolved Holocene proxy climate records: stacked
Holocene peatland palaeo-water table reconstructions from northern Britain.
Quat. Sci. Rev. 25 (3e4), 336e350.
Clarke, K.J., 2003. Guide to Identiﬁcation of Soil Protozoa - Testate Amoebae.
Freshwater Biological Association, Ambleside, U.K.
Cockburn, H., 2019. Huge Swathes of the Arctic on Fire, ‘unprecedented’ Satellite
Images Show. Idependent.
Conedera, M., Tinner, W., Neff, C., Meurer, M., Dickens, A.F., Krebs, P., 2009.
Reconstructing past ﬁre regimes: methods, applications, and relevance to ﬁre
management and conservation. Quat. Sci. Rev. 28 (5e6), 555e576.
Corlett, R.T., 2015. The Anthropocene concept in ecology and conservation. Trends
Ecol. Evol. 30 (1), 36e41.
Cullen, H.M., deMenocal, P.B., Hemming, S., Hemming, G., Brown, F.H.,
Guilderson, T., Sirocko, F., 2000. Climate change and the collapse of the Akkadian empire: evidence from the deep sea. Geology 28 (4), 379.
Cywa, K., 2018. Trees and shrubs used in medieval Poland for making everyday
objects. Veg. Hist. Archaeobotany 27 (1), 111e136.
 ski, J., Terberger, T., lkiewicz, J., 2013. Relations of
Czekaj-Zastawny, A., Kabacin
mesolithic hunter-gathers of Pomerania (Poland) with neolithic cultures of
central Europe. J. Field Archaeol. 38 (3), 195e209.
Czerniak, L., 2018. The emergence of TRB communities in Pomerania. Prace i
Materiały Muzeum Archeologicznego i Etnograﬁcznego w Łodzi. Seria Archeologiczna 47, 103e130.
Czerniak, L., Pyzel, J., Wa˛ s, M., 2016. The beginnings of the neolithic in eastern
Pomerania: a linear Pottery culture settlement at site 13, koscielna Jania,
sme˛ towo graniczne commune. Sprawozdania Archeologiczne 68, 193e222.
Davis, M.B., Deevey, E.S.J., 1964. Pollen accumulation rates: estimates from lateglacial sediment of Roger Lake. Science 145, 1293e1295.
 ska, L., 1995. Badania nad epoka˛ kamienia. Acta Universitatis Lodziensis Folia
Doman
Archaeologica 19, 45e50.
vez, V., Viguier, C., Wang, R., Zhang, E., Dong, X.,
Doncaster, C.P., Alonso Cha

Dearing, J.A., Langdon, P.G., Dyke, J.G., 2016. Early warning of critical transitions
in biodiversity from compositional disorder. Ecology 97 (11), 3079e3090.
Dupont, L.M., 1986. Temperature and rainfall variation in the Holocene based on
comparative palaeoecology and isotope geology of a hummock and hollow
(Bourtangerveen, The Netherlands). Rev. Palaeobot. Palynol. 48, 71e159.
Dzie˛ gielewski, K., 2017a. Late Bronze age and early Iron age communities in the
northern part of the polish lowland (1000-500 BC). In: Bugaj, U. (Ed.), The Past
Societies, vol. 3, pp. 295e340.
Dzie˛ gielewski, K., 2017b. The rise and fall of Biskupin and its counterparts. The Past
Societies. Institute of Archaeology and Ethnology, Polish Academy of Sciences,
Warszawa.
€
Da˛ browski, J., 2004. Altere
Bronzezeit in Polen. Starsza Epoka Bra˛ zu W Polsce. IAE
PAN, Warszawa.
Ellis, E.C., 2015. Ecology in an anthropogenic biosphere. Ecol. Monogr. 85 (3),
287e331.
Ellis, E.C., 2017. Physical geography in the Anthropocene. Prog. Phys. Geogr. 41 (5),
525e532.
Ellis, E.C., Kaplan, J.O., Fuller, D.Q., Vavrus, S., Klein Goldewijk, K., Verburg, P.H., 2013.
Used planet: a global history. Proc. Natl. Acad. Sci. U. S. A. 110 (20), 7978e7985.
Felczak, O., 1987. Stanowisko kultury ceramiki wste˛ gowej rytej w Brodach Pomor skie. Wiadomosci Archeologiczne. 48 (1), 112.
skich, woj. gdan
Felczak, O., 1998. Najstarsze osadnictwo neolityczne w rejonie Jeziora Rokickiego.
Pomorania Antiqua 17, 9e29.
Felczak, O., 2009. Wczesny i srodkowy neolit na Pojezierzu Starogardzkim. In:
 ski, M., Paner, H. (Eds.), Aktualne Problemy Epoki Kamienia Na Pomorzu.
Fudzin
 sk, pp. 127e155.
Muzeum Archeologiczne, Gdan
Fialkiewicz-Koziel, B., Smieja-Krol, B., Ostrovnaya, T.M., Frontasyeva, M.,
Sieminska, A., Lamentowicz, M., 2015. Peatland microbial communities as indicators of the extreme atmospheric dust deposition. Water Air Soil Pollut. 226
(4), 97.
Fiałkiewicz-Kozieł, B., 2014. High-resolution age-depth model of a peat bog in
Poland as an important basis for paleoenvironmental studies. Radiocarbon 56
(1), 109e125.
l, B., Piotrowska, N., Sikorski, J., Gałka, M., 2014.
Fiałkiewicz-Kozieł, B., Smieja-Kro
Carbon accumulation rates in two poor fens with different water regimes: inﬂuence of anthropogenic impact and environmental change. Holocene 24 (11),
1539e1549.
Finsinger, W., Tinner, W., 2005. Minimum count sums for charcoalconcentration
estimates in pollen slides: accuracy and potential errors. Holocene 15 (2),
293e297.
Frolking, S., Roulet, N.T., 2007. Holocene radiative forcing impact of northern
peatland carbon accumulation and methane emissions. Glob. Chang. Biol. 13 (5),
1079e1088.
 ski, P., 2011. Kultura Pomorska Na Pojezierzu Starogardzkim. IA UŁ. Ło
 d
Fudzin
z.
Gaillard, M.-J., 2013. Pollen Methods and Studies/archaeological Applications, vol. 3,
pp. 880e904.
Gallego-Sala, A.V., Charman, D.J., Brewer, S., Page, S.E., Prentice, I.C.,
€ rck, S.,
Friedlingstein, P., Moreton, S., Amesbury, M.J., Beilman, D.W., Bjo
Blyakharchuk, T., Bochicchio, C., Booth, R.K., Bunbury, J., Camill, P., Carless, D.,
Chimner, R.A., Clifford, M., Cressey, E., Courtney-Mustaphi, C., De
Vleeschouwer, F., de Jong, R., Fialkiewicz-Koziel, B., Finkelstein, S.A.,
Garneau, M., Githumbi, E., Hribjlan, J., Holmquist, J., Hughes, P.D.M., Jones, C.,
Jones, M.C., Karofeld, E., Klein, E.S., Kokfelt, U., Korhola, A., Lacourse, T., Le
Roux, G., Lamentowicz, M., Large, D., Lavoie, M., Loisel, J., Mackay, H.,
MacDonald, G.M., Makila, M., Magnan, G., Marchant, R., Marcisz, K., Martínez
Cortizas, A., Massa, C., Mathijssen, P., Mauquoy, D., Mighall, T., Mitchell, F.J.G.,
Moss, P., Nichols, J., Oksanen, P.O., Orme, L., Packalen, M.S., Robinson, S.,
nchez, N., Steinberg, N.,
Roland, T.P., Sanderson, N.K., Sannel, A.B.K., Silva-Sa
€liranta, M., van Bellen, S., van der
Swindles, G.T., Turner, T.E., Uglow, J., Va
Linden, M., van Geel, B., Wang, G., Yu, Z., Zaragoza-Castells, J., Zhao, Y., 2018.
Latitudinal limits to the predicted increase of the peatland carbon sink with
warming. Nat. Clim. Chang. 8 (10), 907e913.
Gałka, M., Miotk-Szpiganowicz, G., Goslar, T., Je˛ sko, M., van der Knaap, W.O.,
Lamentowicz, M., 2013. Palaeohydrology, ﬁres and vegetation succession in the
southern Baltic during the last 7500 years reconstructed from a raised bog
based on multi-proxy data. Palaeogeogr. Palaeoclimatol. Palaeoecol. 370,
209e221.
Gałka, M., Miotk-Szpiganowicz, G., Marczewska, M., Barabach, J., van Der Knaap, W.,
Lamentowicz, M., 2015. Palaeoenvironmental changes in Central Europe (NE
Poland) during the last 6200 years reconstructed from a highresolution multiproxy peat archive. Holocene 25 (3), 421e434.
Gałka, M., Tobolski, K., Lamentowicz, Ł., Ersek, V., Jassey, V.E.J., van der Knaap, W.O.,
Lamentowicz, M., 2017. Unveiling exceptional Baltic bog ecohydrology, autogenic succession and climate change during the last 2000 years in CE Europe
using replicate cores, multi-proxy data and functional traits of testate amoebae.
Quat. Sci. Rev. 156, 90e106.
Ga
̧siorowski, M., Kupryjanowicz, M., 2009. Lake-peat bog transformation recorded
in the sediments of the Stare Biele mire (Northeastern Poland). Hydrobiologia
631 (1), 143e154.
Gorham, E., 1991. Northern peatlands: role in the carbon cycle and probable responses to climatic warming. Ecol. Appl. 1, 182e195.
rska-Grabarczyk, B., 1996. Badania osady z elementami kultur lesnych w KloGo
dzkie Sprawozdania Archeologiczne. 2, 23e25.
nowicach stan. 5, gm. Czersk. Ło
rska-Grabarczyk, B., 1998. Wyniki badan
 archeologicznych osady kultury
Go
_
dzkie
łuzyckiej
w Łe˛ gu Kolonii stan. 38, gm. Czersk, woj. pomorskie. Ło

M. Lamentowicz et al. / Quaternary Science Reviews 225 (2019) 105954
Sprawozdania Archeologiczne. 4, 5e17.
 ska, K.,
Goslar, T., Ralska-Jasiewiczowa, M., van Geel, B., Ła˛ cka, B., Szeroczyn
st, L., Walanus, A., 1999. Anthropogenic changes in the sediment compoChro
sition of Lake Goscia˛ z_ (central Poland), during the last 330 yrs. J. Paleolimnol.
22, 171e185.
 ba periodyzacji kultury wielbarskiej na Pomorzu. Acta
Grabarczyk, T., 1985. Pro
Universitatis Lodziensis. Folia Archaeologica 7, 27e32.
j osadnictwa pradziejowego w Borach Tucholskich od
Grabarczyk, T., 1992. Rozwo
schyłkowego paleolitu do III w. n.e. Acta Univ Lodziensis, Folia Archaeologica,
p. 142.
 skim I Kaszubskim,
Grabarczyk, T., 1997. Kultura Wielbarska Na Pojezierzach Krajen
p. 232.
Grimm, E.C., 1992. TILIA/TILIA Graph, Version 1.2.
Grospietsch, T., 1958. Wechseltierchen (Rhizopoden). Kosmos Verlag, Stuttgart.

Grzelakowska, E., 1989a. Srodowiskowe
uwarunkowania osadnictwa pradziejowego
 łnocnej cze˛ sci Boro
w Tucholskich. Acta Unii wczesnosredniowiecznego w po
versitatis Lodziensis. Folia Archaeologica. 11, 1e151.
 ba charakterystyki warunko
 w pradziejowych gospoGrzelakowska, E., 1989b. Pro
 łnocnej cze˛ sci Boro
w Tucholskich. Acta Univ Lodziensis.
darki hodowlanej w po
Folia Archaeologica 10, 17e32.
 ba rekonstrukcji zmian roslinnosci w okolicach osady
Grzelakowska, E., 1990. Pro
deł przyrodniczych (podsumokultury pomorskiej w Odrach na podstawie 
zro
 ). Acta Universitatis Lodziensis. Folia Archeologica.
wanie wste˛ pnej fazy badan
13, 13e24.
Grzelakowska, E., Balwierz, Z., 1985. Przyczynek do problematyki dynamiki osadnictwa w okolicach Lesna w Borach Tucholskich. Acta Universitatis Lodziensis.
Folia Archeologica 7, 3e13.
jkova, P., Grootjans, A., Rybní
, E., Madaras, M., Opravilova
, V., ML,
Ha
ckova
jek, M., HJ, Michaelis, D., 2012. How a Sphagnum fuscum
Wolejko, L., Ha
dominated bog changed into a calcareous fen: the unique Holocene history of a
Slovak spring fed mire. J. Quat. Sci. 27 (3), 233e243.
Heiri, O., Lotter, A.F., Lemcke, G., 2001. Loss on ignition as a method for estimating
organic and carbonate content in sediments: reproducibility and comparability
of results. J. Paleolimnol. 25 (1), 101e110.
Helama, S., Jones, P.D., Briffa, K.R., 2017. Dark Ages Cold Period: a literature review
and directions for future research. Holocene 27 (10), 1600e1606.
Higuera, P.E., Gavin, D.G., Bartlein, P.J., Hallett, D.J., 2010. Peak detection in
sediment-charcoal records: impacts of alternative data analysis methods on
ﬁre-history interpretations. Int. J. Wildland Fire 19 (8), 996e1014.
Hjelmroos, M., 1981. The post-glacial development of Lake Wielkie Gacno, NWPoland. The human impact on the natural vegetation recorded by means of
pollen analysis and carbon-14 dating. Acta Palaeobot. 21 (2), 129e144.
Hughes, P.D.M., Barber, K.E., 2003. Mire development across the fen-bog transition
on the Teiﬁ ﬂoodplain at Tregaron Bog, Ceredigion, Wales, and a comparison
with 13 other raised bogs. J. Ecol. 91 (2), 253e264.
w lejkowatych i amfor kulistych na Pomorzu.
Jankowska, D., 1983. Kultury pucharo
In: Malinowski, T. (Ed.), Problemy Epoki Kamienia Na Pomorzu, pp. 147e166.
Słupsk.
 wykopaliskowych w
Jarze˛ cka, J., Kochanowski, M., 2005. Wste˛ pne wyniki badan
Koscielnej Jani, gm. Sme˛ towo Graniczne, stan. 13 e relikty osadnictwa ludnosci
 ski, M., Paner, H. (Eds.), XIV Sesja
kultury ceramiki wste˛ gowej rytej. In: Fudzin
 sku, Gdan
 sk.
Pomorzoznawcza 1. Muzeum Archeologiczne w Gdan
Jassey, V.E., Chiapusio, G., Binet, P., Buttler, A., Laggoun-Defarge, F., Delarue, F.,
Bernard, N., Mitchell, E.A., Toussaint, M.L., Francez, A.J., Gilbert, D., 2013. Aboveand belowground linkages in Sphagnum peatland: climate warming affects
plant-microbial interactions. Glob. Chang. Biol. 19 (3), 811e823.
Jassey, V.E.J., Reczuga, M.K., Zielinska, M., Slowinska, S., Robroek, B.J.M., Mariotte, P.,
Seppey, C.V.W., Lara, E., Barabach, J., Slowinski, M., Bragazza, L., Chojnicki, B.H.,
Lamentowicz, M., Mitchell, E.A.D., Buttler, A., 2018. Tipping point in plantfungal interactions under severe drought causes abrupt rise in peatland
ecosystem respiration. Glob. Chang. Biol. 24 (3), 972e986.
Juggins, S., 2003. C2 User Guide. Software for Ecological and Palaeoecological Data
Analysis and Visualisation. University of Newcastle, Newcastle upon Tyne, UK.
Juggins, S., 2017. Rioja: Analysis of Quaternary Science Data, R Package Version, 0.915.
 ski, J., 2016. After the ice age. In: Kabacin
 ski, J. (Ed.), The Past Societies. PAN,
Kabacin
Warszawa, pp. 249e270.
Kaczanowski, P., Kozłowski, J.K., 1998. Wielka historia Polski. Tom 1. Najdawniejsze
 w.
dzieje ziem polskich (do VII w). In: Fogra. Krako
Kaplan, J.O., Krumhardt, K.M., Zimmermann, N., 2009. The prehistoric and preindustrial deforestation of Europe. Quat. Sci. Rev. 28 (27e28), 3016e3034.
Kettridge, N., Binley, A., Comas, X., Cassidy, N.J., Baird, A.J., Harris, A., van der Kruk, J.,
Strack, M., Milner, A.M., Waddington, J.M., 2012. Do peatland microforms move
through time? Examining the developmental history of a patterned peatland
using ground-penetrating radar. J. Geophys. Res. 117 (G3).
Kittel, P., 2005. Uwarunkowania srodowiskowe lokalizacji osadnictwa pradziejo łnocnej cze˛ sci Boro
w Tucholskich.
wego na Pojezierzu Kaszubskim i w po
dzkiego IV,Instytut ArcheMonograﬁe Instytutu Archeologii Uniwersytetu Ło
dzkiego, Ło
 d
ologii Uniwersytetu Ło
z IV.
_ z osady z przełomu epoki bra˛ zu i zelaza
_
Klichowska, M., 1979. Zboze
w Juszkowie,
 ski. Pomorania Antiqua. 8, 141e153.
gm. Pruszcz Gdan
 ski, J., 1968. O sposobach ustalania chronologii prahistorycznej orki w
Kmiecin
Odrach, w pow. chojnickim. Acta Archaeologica Lodziensia 17, 73e76.
 ski, J., 1990. Dynamika rozwoju społeczno-gospodarcza grup ludzkich w
Kmiecin
_
sci i we wczesnym sredniowieczu na tle srodowiska naturalnego w
starozytno

19

mikroregionie Tucholskim. Acta Universitatis Lodziensis. Folia Archaeologica
13, 57e83.
Kochanowski, M., 2005. Pierwsi rolnicy na ziemi kociewskiej e reﬂeksja z najnowszych odkry
c archeologicznych. Folia Praehistorica Posnaniensia 13e14,
147e159.
Kokowski, A., 1988. Problematyka kultury wielbarskiej w młodszym okresie
rzymskim. In: Gurba, J., Kokowski, A. (Eds.), Kultura Wielbarska W Młodszym
Okresie Rzymskim, pp. 15e31.
Kokowski, A., 2016. Goci Od Skandzy Do Campi Gothorum (Od Skandynawii Do
 łwyspu Iberyjskiego). TRIO, Warszawa.
Po
 ski, M., Tyszkowski, S.,
Kordowski, J., Błaszkiewicz, M., Kramkowski, M., Słowin
 ska, M., MirosławBrauer, A., Brykała, D., Gierszewski, P., Lamparski, P., Lutyn
Grabowska, J., Noryskiewicz, A.M., Obremska, M., Ott, F., Wulf, S., Zawiska, I.,
2014. Charakterystyka srodowisk depozycyjnych Jeziora Czechowskiego i jego
otoczenia. Landform Anal. 25, 55e75.
 ska-Kołaczek, M., Madeja, J., Kalinovych, N., Szczepanek, K.,
Kołaczek, P., Karpin
Ge˛ bica, P., Harmata, K., 2016. Interplay of climateehumanevegetation on the
north-eastern edge of the Carpathians (Western Ukraine) between 7500 and
3500 calibrated years BP. Biol. J. Linn. Soc. 119 (3), 609e629.
 ska-Kołaczek, M., Marcisz, K., Gałka, M., Lamentowicz, M., 2018.
Kołaczek, P., Karpin
Palaeohydrology and the human impact on one of the largest raised bogs
complex in the Western Carpathians (Central Europe) during the last two
millennia. Holocene 28 (4), 595e608.
KozłowskaeSzcze˛ sna, T., 1993. Temperatury powietrza w Polsce w trzydziestoleciu
1951e1980. Zeszyty Instytutu Geograﬁi i Przestrzennego Zagospodarowania
PAN 18.
 ski, S., 1949. Peatbogs of Polesie. Me
moires de l ‘Acade
mie Polonaise des
Kulczyn
Sciences et des Lettres. B. Sci. Nat. 15, 1e356.
 skiej z Miescina, gm. Tczew, woj.
Kurzyk, K., Ostasz, A., 2015. Osada kultury iwien
pomorskie, stan.17. Pomorania Antiqua 24, 105e130.
Lamentowicz, M., 2005. Geneza Torfowisk Naturalnych I Seminaturalnych W
Nadlesnictwie Tuchola (Origin and Development of Natural and Seminatural
Peatlands in Tuchola Forest Inspectorate). Bogucki Wydawnictwo Naukowe,
.
Poznan
Lamentowicz, M., Mitchell, E.A.D., 2005. The ecology of testate amoebae (Protists)
in Sphagnum in north-western Poland in relation to peatland ecology. Microb.
Ecol. 50 (1), 48e63.
Lamentowicz, M., Obremska, M., 2010. A rapid response of testate amoebae and
vegetation to inundation of a kettle hole mire. J. Paleolimnol. 43 (3), 499e511.
Lamentowicz, M., Tobolski, K., Mitchell, E.A.D., 2007. Palaeoecological evidence for
anthropogenic acidiﬁcation of a kettle-hole peatland in northern Poland. Holocene 17 (8), 1185e1196.
Lamentowicz, M., Cedro, A., Gałka, M., Miotk-Szpiganowicz, G., Mitchell, E.A.D.,
Pawlyta, J., Goslar, T., 2008a. Last millennium palaeoenvironmental changes
from a Baltic bog (Poland) inferred from stable isotopes, pollen, plant macrofossils and testate amoebae. Palaeogeogr. Palaeoclimatol. Palaeoecol. 265,
93e106.
Lamentowicz, M., Obremska, M., Mitchell, E.A.D., 2008b. Autogenic succession,
land-use change, and climatic inﬂuences on the Holocene development of a
kettle-hole mire in Northern Poland. Rev. Palaeobot. Palynol. 151 (1e2), 21e40.
_
Lamentowicz, M., Forysiak, J., Balwierz, Z., Kloss, M., Kittel, P., Zurek,
S., 2009a.
Multiproxy study of anthropogenic and climatic changes in the last two
millennia from a small mire in central Poland. Hydrobiologia 631, 213e230.
Lamentowicz, M., Milecka, K., Gałka, M., Cedro, A., Pawlyta, J., Piotrowska, N.,
Lamentowicz, Ł., van der Knaap, W.O., 2009b. Climate- and human-induced
hydrological change since AD 800 in an ombrotrophic mire in Pomerania (N
Poland) tracked by testate amoebae, macro-fossils, pollen, and tree-rings of
pine. Boreas 38 (2), 214e229.
Lamentowicz, M., Gałka, M., Pawlyta, J., Lamentowicz, Ł., Goslar, T., MiotkSzpiganowicz, G., 2011. Climate change and human impact in the southern
Baltic during the last millennium reconstructed from an ombrotrophic bog
archive. Stud. Quat. 28, 3e16.
Lamentowicz, M., Gałka, M., Lamentowicz, Ł., Obremska, M., Kühl, N., Lücke, A.,
Jassey, V.E.J., 2015. Reconstructing climate change and ombrotrophic bog
development during the last 4000 years in northern Poland using biotic
proxies, stable isotopes and trait-based approach. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 418, 261e277.
 ski, M., Kajukało-Drygalska, K.,
Lamentowicz, M., Gałka, M., Marcisz, K., Słowin
Dayras, M.D., Jassey, V.E.J., 2019. Unveiling tipping points in long-term
ecological records from Sphagnum -dominated peatlands. Biol. Lett. 15 (4),
20190043.
Lara, E., Roussel-Delif, L., Fournier, B., Wilkinson, D.M., Mitchell, E.A.D., 2015. Soil
microorganisms behave like macroscopic organisms: patterns in the global
distribution of soil euglyphid testate amoebae. J. Biogeogr. (n/aen/a).
Latałowa, M., 1989. Type region P-t. In: Ralska-Jasiewiczowa, M. (Ed.), Baltic Coastal
Zone. Acta Palaeobotanica, pp. 103e108.
Latałowa, M., Tobolski, K., 1987. A First Attempt at a Regional Synthesis for the Baltic
Coast and Baltic Coastal Zone of Poland. Lundqua Report. University of Lund,
Lund, pp. 101e104.
Latałowa, M., Zimny, M., Je˛ drzejewska, B., Samojlik, T., 2015. Ecological history of
_ Forest - Europe’s last primeval woodland. In: KKCW (Ed.), The
Białowieza
Ecological History of European Woodland e an Interaction of Environmental
and Cultural Forces, pp. 243e264.
Łe˛ ga, W., 1946. Kilka znalezisk znad czarnej wody. Zapiski Towarzystwa Naukowego
w Toruniu 12 (1e4), 73e79.

20

M. Lamentowicz et al. / Quaternary Science Reviews 225 (2019) 105954

Legendre, P., Gallagher, E.D., 2001. Ecologically meaningful transformations for
ordination of species data. Oecologia 129, 271e280.
Lenton, T.M., Held, H., Kriegler, E., Hall, J.W., Lucht, W., Rahmstorf, S.,
Schellnhuber, H.J., 2008. Tipping elements in the Earth’s climate system. Proc.
Natl. Acad. Sci. 105 (6), 1786e1793.
Loisel, J., Garneau, M., 2010. Late Holocene paleoecohydrology and carbon accumulation estimates from two boreal peat bogs in eastern Canada: potential and
limits of multi-proxy archives. Palaeogeogr. Palaeoclimatol. Palaeoecol. (in
press).
Loisel, J., Yu, Z., 2013. Holocene peatland carbon dynamics in Patagonia. Quat. Sci.
Rev. 69, 125e141.
Loisel, J., Yu, Z., Beilman, D., Philip, C., Jukka, A., David, A., Andersson, S., FiałkiewiczKozieł, B., Barber, K., Belyea, L., Bunbury, J., Chambers, F., Charman, D., de
Vleeschouwer, F., Finkelstein, S., Garneau, M., Hendon, D., Holmquist, J.,
Hughes, P., Jones, M., Klein, E., Kokfelt, U., Korhola, A., Kuhry, P., Lamarre, A.,
Lamentowicz, M., Large, D., Lavoie, M., MacDonald, G., Magnan, G., Gałka, M.,
Mathijssen, P., Mauquoy, D., McCarroll, J., Moore, T., Nichols, J., O’Reilly, B.,
Oksanen, P., Peteet, D., Rchard, P., Robinson, S., Rundgren, M., Sannel, B.,
Tuittila, E.-S., Turetsky, M., Valiranta, M., van der Linden, M., van Geel, B., van
Bellen, S., Vitt, D., Zhao, Y., Zhou, W., 2014. A database and synthesis of existing
data for northern peatland soil properties and Holocene carbon accumulation.
Holocene 24 (9), 1028e1042.
 skim, Tom 1
Łuka, L.J., 1966. Kultura Wschodniopomorska Na Pomorzu Gdan
 w.
Materiały. Ossolineum. Wrocław e Warszawa e Krako
_
Łuka, L., 1974. Osadnictwo starozytne
i wczesnosredniowieczne na terenie powiatu
chojnickiego. Pomorania Antiqua 5, 175e210.
Łuka, L., 1983. Kształtowanie sie˛ osadnictwa na Pomorzu Wschodnim na przełomie
_
epoki bra˛ zu i zelaza.
Pomorania Antiqua 9, 7e29.
MacAskill, M.R., 2012. DataGraph 3.0. J. Stat. Softw. 47 (1), 1e9.
Mack, M.C., Bret-Harte, M.S., Hollingsworth, T.N., Jandt, R.R., Schuur, E.A.G.,
Shaver, G.R., Verbyla, D.L., 2003. Global Change in the Holocene.
Mack, M.C., Bret-Harte, M.S., Hollingsworth, T.N., Jandt, R.R., Schuur, E.A.G.,
Shaver, G.R., Verbyla, D.L., 2011. Carbon loss from an unprecedented Arctic
tundra wildﬁre. Nature 475 (7357), 489e492.
Makohonienko, M., 2000. Przyrodnicza historia gniezna. Homini. Bydgoszcz.
Poznan
Marchant, R., Hooghiemstra, H., 2004. Rapid environmental change in African and
South American tropics around 4000 years before present: a review. Earth Sci.
Rev. 66 (3e4), 217e260.
 ski, M., FiałkiewiczMarcisz, K., Tinner, W., Colombaroli, D., Kołaczek, P., Słowin
Kozieł, B., Łokas, E., Lamentowicz, M., 2015. Long-term hydrological dynamics
and ﬁre history during the last 2000 years in CE Europe reconstructed from a
high-resolution peat archive. Quat. Sci. Rev. 112, 138e152.
Marcisz, K., Gałka, M., Pietrala, P., Miotk-Szpiganowicz, G., Obremska, M.,
Tobolski, K., Lamentowicz, M., 2017. Synchronous ﬁre activity and water table
increases recorded from Sphagnum peatlands on the oceanic-continental climatic gradient. Quat. Sci. Rev. 177C, 145e157.
Marcisz, K., Lamentowicz, M., Gałka, M., Colombaroli, D., Adolf, C., Tinner, W., 2019.
Responses of vegetation and testate amoeba trait composition to ﬁre disturbances in and around a bog in central European lowlands (northern Poland).
Quat. Sci. Rev. 208, 129e139.
Marks, L., 2012. Timing of the late vistulian (weichselian) glacial phases in Poland.
Quat. Sci. Rev. 44, 81e88.
Martin-Puertas, C., Matthes, K., Brauer, A., Muscheler, R., Hansen, F., Petrick, C.,
Aldahan, A., Possnert, G., van Geel, B., 2012. Regional atmospheric circulation
shifts induced by a grand solar minimum. Nat. Geosci. 5 (6), 397e401.
Mauquoy, D., Barber, K.E., 2002. Testing the sensitivity of the palaeoclimatic signal
from ombrotrophic peat bogs in the northern England and the Scottish Borders.
Rev. Palaeobot. Palynol. 119, 219e240.
Mauquoy, D., van Geel, B., 2007. Mire and Peat Macros. Encyclopedia of Quaternary
Science. Elsevier.
Mazei, Y., Tsyganov, A.N., 2006. Freshwater Testate Amoebae. KMK, Moscow.
 Powierzchniowych.
Mazurowski, R., 1980. Metodyka Archeologicznych Badan
Meisterfeld, R., 2001a. Order Arcellinida, kent 1880. In: Lee, J.J., Leedale, G.F.,
Bradbury, P. (Eds.), The Illustrated Guide to the Protozoa. Allen Press, Lawrence,
pp. 827e860.
Meisterfeld, R., 2001b. Testate amoebae with ﬁlopoda. In: Lee, J.J., Leedale, G.F.,
Bradbury, P. (Eds.), The Illustrated Guide to the Protozoa. Allen Press, Lawrence,
pp. 1054e1084.
Milecka, K., Kowalewski, G., Fiałkiewicz-Kozieł, B., Gałka, M., Lamentowicz, M.,
Chojnicki, B.H., Goslar, T., Barabach, J., 2017. Hydrological changes in the Rzecin
peatland (Central Europe) induced by anthropogenic factors: implications for
carbon sequestration. Holocene 27, 651e664.
Miotk-Szpiganowicz, G., 1992. The history of the vegetation of Bory Tucholskie and
the role of man in the in the light of palynological investigations. Acta Paleobotanica 32 (1), 39e122.
Moore, P.D., Webb, J.A., Collinson, M.E., 1991. Pollen Analysis. Blackwell Scientiﬁc
Publication.
Moschen, R., Kühl, N., Peters, S., Vos, H., Lücke, A., 2011. Temperature variability at
Dürres maar, Germany during the Migration Period and at high medieval times,
inferred from stable carbon isotopes of Sphagnum cellulose. Clim. Past 7,
1011e1026.
 z, T., Łokas, E., Kocurek, J., Ga˛ siorek, M., 2017. Atmospheric fallout radionuclides
Mro
in peatland from Southern Poland. J. Environ. Radioact. 175e176, 25e33.
 ska, M., 2007. Zmierzch kultury wielbarskiej e czego nie wiemy? In:
Ma˛ czyn

 ski, M., Paner, H. (Eds.), Nowe Materiały I Interpretacje. Stan Dyskusji Na
Fudzin
 sk.
Temat Kultury Wielbarskiej, pp. 365e381. Gdan
 ski, M., Błaszkiewicz, M., Brauer, A., 2017. From the
Obremska, M., Ott, F., Słowin
Bronze Age to the Migration Period e Human Activity Recorded in the Lake
Sediments of Lake Czechowskie, (Northern Poland).
Ogden, C.G., Hedley, R.H., 1980. An Atlas of Freshwater Testate Amoebae. Oxford
University Press, London.
Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
Minchin, P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E.,
Wagner, H., 2017. Vegan: Community Ecology Package, R package version 2.

_
Olczak, J., 1984. Badania Weryﬁkacyjne Sredniowiecznych
Ni Nowozytnych
Hut
 łnocno-Zachodniej.
Szkła Na Terenie Polski Po
Ossowski, G., 1879. Zabytki przedhistoryczne ziem polskich ¼ Monuments
historiques de l’ancienne Pologne. Prusy Kro
lewskie, 1. Uniwersytet Jagielpre
 ski. Krako
 w.
lon
Ott, F., Kramkowski, M., Wulf, S., Plessen, B., Serb, J., Tjallingii, R., Schwab, M.,
 ski, M., Brykała, D., Tyszkowski, S., Putyrskaya, V., Appelt, O.,
Słowin
Błaszkiewicz, M., Brauer, A., 2017. Site-speciﬁc sediment responses to climate
change during the last 140 years in three varved lakes in Northern Poland.
Holocene 28 (3), 464e477.
Payne, R.J., 2010. Can testate amoeba-based palaeohydrology be extended to fens?
J. Quat. Sci. (n/aen/a).
Payne, R.J., Mitchell, E.A.D., 2008. How many is enough? Determining optimal count
totals for ecological and palaeoecological studies of testate amoebae.
J. Paleolimnol. 42 (4), 483e495.
 rski, J., 1979. Odkrycie jamy ze zbozem
_
Podgo
na stanowisku 3 w Juszkowie, gm.
 ski. Pomorania Antiqua 8, 133e138.
Pruszcz Gdan
Poska, A., Saarse, L., Veski, S., 2004. Reﬂections of pre- and early-agrarian human
impact in the pollen diagrams of Estonia. Palaeogeogr. Palaeoclimatol. Palaeoecol. 209, 37e50.
ciennik, M., Kruk, A., Forysiak, J., Pawłowski, D., Mianowicz, K., Elias, S.,
Pło
wka, R.K., Kloss, M., Obremska, M., Coope, R., Kra˛ piec, M., Kittel, P.,
Boro
_
Zurek,
S., 2015. Fen ecosystem responses to water-level ﬂuctuations during the
 w,
early and middle Holocene in central Europe: a case study from Wilczko
Poland. Boreas (n/aen/a).
w Pomorza z pow. chojnickiego i
Rajewski, Z., 1932. Nowe materiały do pradziejo
tucholskiego. Zapiski TNT 9 (9e12), 193e202.
Ralska-Jasiewiczowa, M., Nalepka, D., Goslar, T., 2003. Some problems of forest
transformation at the transition to the oligocratic/Homo sapiens phase of the
Holocene interglacial in northern lowlands of central Europe. Veg. Hist.
Archaeobotany 12 (4), 233e247.
Ralska-Jasiewiczowa, M., Miotk-Szpiganowicz, G., Zachowicz, J., Latałowa, M.,
Nalepka, D., 2004. Carpinus betulus - hornbeam. In: Ralska-Jasiewiczowa, M.,
Latałowa, M., Wasylikowa, K., Tobolski, K., Madeyska, T., Wright Jr., H.E.,
Turner, C. (Eds.), Late Glacial and Holocene History of Vegetation in Poland
Based on Isopollen Maps. W. Szafer Institute of Botany, Polish Academy of
w, pp. 217e225.
Sciences, Krako
Ramsey, C.B., Lee, S., 2013. Recent and planned developments of the program OxCal.
Radiocarbon 55 (02), 720e730.
Reimer, P.J., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Ramsey, C.B., Buck, C.E.,
Cheng, H., Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P.,
Haﬂidason, H., Hajdas, I., Hatte, C., Heaton, T.J., Hoffmann, D.L., Hogg, A.G.,
Hughen, K.A., Kaiser, K.F., Kromer, B., Manning, S.W., Niu, M., Reimer, R.W.,
Richards, D.A., Scott, E.M., Southon, J.R., Staff, R.A., Turney, C.S.M., van der
Plicht, J., 2013. Intcal13 and Marine13 radiocarbon age calibration curves 050,000 Years cal BP. Radiocarbon 55 (4), 1869e1887.
Roberts, N., Fyfe, R.M., Woodbridge, J., Gaillard, M.J., Davis, B.A.S., Kaplan, J.O.,
Marquer, L., Mazier, F., Nielsen, A.B., Sugita, S., Trondman, A.K., Leydet, M., 2018.
Europe’s lost forests: a pollen-based synthesis for the last 11,000 years. Sci. Rep.
8 (1), 716.
Scheffer, M., 2009. Critical Transitions in Nature and Society (Princeton Studies in
Complexity). Princeton University Press.
Scheffer, M., Carpenter, S.R., Lenton, T.M., Bascompte, J., Brock, W., Dakos, V., van de
Koppel, J., van de Leemput, I.A., Levin, S.A., van Nes, E.H., Pascual, M.,
Vandermeer, J., 2012. Anticipating critical transitions. Science 338 (6105),
344e348.
Seddon, A.W.R., Froyd, C.A., Leng, M.J., Milne, G.A., Willis, K.J., 2011. Ecosystem
resilience and threshold response in the galapagos coastal zone. PLoS One 6 (7).
Siemensma, F.J., 2019. Microworld, World of Amoeboid Organisms. World-wide
electronic publication, Kortenhoef, the Netherlands. www.arcella.nl.
Sikora, J., Kittel, P., Wroniecki, P., 2017. Lost and found: the vallum in lacu at
Ostrowite (Northern Poland). A multidisciplinary research case study. Archaeologia Baltica 24, 109e121.
Sikora, J., Kittel, P., Wroniecki, P., 2018. Relikty osadnictwa z okresu rzymskiego na
stanowisku 2 w Ostrowitem (gm. i pow. Chojnice, woj. pomorskie). Aspekty
_
przestrzenne i chronologia niezalezna.
Pomorania Antiqua 27, 209e240.
Singer, D., Kosakyan, A., Pillonel, A., Mitchell, E.A.D., Lara, E., 2015. Eight species in
the Nebela collaris complex: nebela gimlii (Arcellinida, Hyalospheniidae), a new
species described from a Swiss raised bog. Eur. J. Protistol. 51, 79e85.
Starkel, L., 2005. Anthropogenic soil erosion since the Neolithic in Poland. Zeitschrift fur Geomorphologie, Supplementband. 139, 189e201.
Stephens, L., Fuller, D., Boivin, N., Rick, T., Gauthier, N., Kay, A., Marwick, B.,
Armstrong, C.G., Barton, C.M., Denham, T., Douglass, K., Driver, J., Janz, L.,
Roberts, P., Rogers, J.D., Thakar, H., Altaweel, M., Johnson, A.L., Sampietro
Vattuone, M.M., Aldenderfer, M., Archila, S., Artioli, G., Bale, M.T., Beach, T.,

M. Lamentowicz et al. / Quaternary Science Reviews 225 (2019) 105954
nez Cano, N.G., Capriles, J.M., Diez
Borrell, F., Braje, T., Buckland, P.I., Jime
lu, Ç., Negus Cleary, M., Conolly, J., Coutros, P.R.,
Castillo, A., Çilingirog
Covey, R.A., Cremaschi, M., Crowther, A., Der, L., di Lernia, S., Doershuk, J.F.,
Doolittle, W.E., Edwards, K.J., Erlandson, J.M., Evans, D., Fairbairn, A., Faulkner, P.,
Feinman, G., Fernandes, R., Fitzpatrick, S.M., Fyfe, R., Garcea, E., Goldstein, S.,
Goodman, R.C., Dalpoim Guedes, J., Herrmann, J., Hiscock, P., Hommel, P.,
Horsburgh, K.A., Hritz, C., Ives, J.W., Junno, A., Kahn, J.G., Kaufman, B., Kearns, C.,
€, F., Lawrence, D., Lee, G.A., Levin, M.J., Lindskoug, H.B., Lo
 pezKidder, T.R., Lanoe
S
aez, J.A., Macrae, S., Marchant, R., Marston, J.M., McClure, S., McCoy, M.D.,
Miller, A.V., Morrison, M., Motuzaite Matuzeviciute, G., Müller, J., Nayak, A.,
Noerwidi, S., Peres, T.M., Peterson, C.E., Proctor, L., Randall, A.R., Renette, S.,
Robbins Schug, G., Ryzewski, K., Saini, R., Scheinsohn, V., Schmidt, P.,
Sebillaud, P., Seitsonen, O., Simpson, I.A., Sołtysiak, A., Speakman, R.J.,
Spengler, R.N., Steffen, M.L., Storozum, M.J., Strickland, K.M., Thompson, J.,
Thurston, T.L., Ulm, S., Ustunkaya, M.C., Welker, M.H., West, C., Williams, P.R.,
Wright, D.K., Wright, N., Zahir, M., Zerboni, A., Beaudoin, E., Munevar Garcia, S.,
Powell, J., Thornton, A., Kaplan, J.O., Gaillard, M.J., Klein Goldewijk, K., Ellis, E.,
2019. Archaeological assessment reveals Earth’s early transformation through
land use. Science 365 (6456), 897e902.
Stivrins, N., Liiv, M., Ozola, I., Reitalu, T., 2018. Carbon accumulation rate in a raised
bog in Latvia, NE Europe, in relation to climate warming. Est. J. Earth Sci. 67 (4),
247.
 sk.
Strobin, A., 2011. Ceramika Naczyniowa Kultury Oksywskiej. Gdan
Strobin, A., 2017. Pomorze in the ﬁnal centuries BC. In: RzeszotarskaNowakiewicz, A. (Ed.), The Past Societies, vol. 4. IAE PAN, Warszawa,
pp. 111e131.
Swindles, G.T., Lamentowicz, M., Reczuga, M., Galloway, J.M., 2016. Palaeoecology of
testate amoebae in a tropical peatland. Eur. J. Protistol. 55 (Pt B), 181e189.
Szmyt, M., 2017. Collective graves, ﬂint axes, and cows. The people of Globular
Amphora culture on the Vistula and Odra. In: The Past Societies, vol. 2,
pp. 211e273. Warszawa.
 ska, A., 1974. Nowe odkrycia na Pomorzu Gdan
 skim w latach 1969-1970.
Szyman
Pomorania Antiqua 5, 475e503.
 cmentarzyska ludnosci kultury wielbarSłowik, N., 1997. Wste˛ pne wyniki badan
dzkie. Sprawozdania Archeskiej w Strudze, gm. Czersk, woj. bydgoskie, Ło
ologiczne 3, 85e91.
 ski, M., Błaszkiewicz, M., Brauer, A., Noryskiewicz, B., Ott, F., Tyszkowski, S.,
Słowin
2014. The role of melting dead ice on landscape transformation in the early
Holocene in Tuchola Pinewoods, North Poland. Quat. Int.
 ski, M., Marcisz, K., Pło
ciennik, M., Obremska, M., Pawłowski, D., Okupny, D.,
Słowin
 ska, S., Boro
wka, R., Kittel, P., Forysiak, J., Michczyn
 ska, D.J.,
Słowin
Lamentowicz, M., 2016. Drought as a stress driver of ecological changes in
peatland - a palaeoecological study of peatland development between 3500BCE
and 200BCE in central Poland. Palaeogeogr. Palaeoclimatol. Palaeoecol. 461,
272e291.
 ski, M., Lamentowicz, M., Łuco
w, D., Barabach, J., Brykała, D., Tyszkowski, S.,
Słowin

 czewska, A., Snieszko,
_ zewski,
_
Pien
Z., Dietze, E., Jazd
K., Obremska, M., Ott, F.,
Brauer, A., Marcisz, K., 2019. Paleoecological and historical data as an important
tool in ecosystem management. J. Environ. Manag. 236, 755e768.
Team, R.C., 2018. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.
Tinner, W., Hu, F.S., 2003. Size parameters, size-class distribution and area-number
relationship of microscopic charcoal: relevance for ﬁre reconstruction. Holocene 13 (4), 499e505.
Tobolski, K., 1982. Anthropogenic changes in vegetation of the Gardno-Leba lowland, N. Poland. Acta Palaeobot. 22 (1), 131e139.
Tobolski, K., 1983. Wprowadzenie do postaglacjalnej historii roslinnosci na
Pomorzu Zachodnim. Problemy Epoki Kamienia na Pomorzu 61e76.

Tobolski, K., 2003. Torfowiska, Na Przykładzie Ziemi Swieckiej.
Towarzystwo

 ł Dolnej Wisły, Swiecie.
Przyjacio
Turetsky, M.R., Baltzer, J.L., Johnstone, J.F., Mack, M.C., McCann, K., Schuur, E.A.G.,
2016. Losing legacies, ecological release, and transient responses: key challenges for the future of northern ecosystem science. Ecosystems 20 (1), 23e30.
Turunen, J., Tomppo, E., Tolonen, K., Reinikainen, A., 2002. Estimating carbon
accumulation rates of undrained mires in Finland - application to boreal and
subarctic regions. Holocene 12 (1), 69e80.
Tylmann, Wojciech, 2015. Climate variability and human impacts in Central and
 sk 2015.
Eastern Europe during the last two millennia. In: 2k Conference Gdan

21

van Bellen, S., Garneau, M., Baird, A., Bourgault, M.-A., Quillet, A., 2018. Exploring
pathways to late Holocene increased surface wetness in subarctic peatlands of
eastern Canada. Quat. Res. 90 (1), 83e95.
van Geel, B., Aptroot, A., 2006. Fossil ascomycetes in Quaternary deposits. Nova
Hedwig. 82 (3), 313e329.
van Geel, B., Buurman, J., Waterbolk, H.T., 1996. Archeological and paleoecological
indications of an abrupt climate change in The Netherlands, and evidence for
climatological teleconnections around 2650 BP. J. Quat. Sci. 11 (6), 451e460.
van Nes, E.H., Arani, B.M.S., Staal, A., van der Bolt, B., Flores, B.M., Bathiany, S.,
Scheffer, M., 2016. What do you mean, ‘tipping point. Trends Ecol. Evol. 31 (12),
902e904.
Vanniere, B., Blarquez, O., Rius, D., Doyen, E., Brücher, T., Colombaroli, D., Connor, S.,
Feurdean, A., Hickler, T., Kaltenrieder, P., Lemmen, C., Leys, B., Massa, C.,
Olofsson, J., 2015. 7000-year human legacy of elevation-dependent European
ﬁre regimes. Quat. Sci. Rev. 1e7.
Vasander, H., Kettunen, A., 2006. Carbon in boreal peatlands. In: Wieder, R.K.,
Vitt, D.H. (Eds.), Boreal Peatland Ecosystems. Springer, pp. 165e194.

 skim I
Walenta, K., 1980. Obrza˛ dek Pogrzebowy Na Pomorzu W Okresie Po
znolaten
Rzymskim, vol. 5. Archeologia Baltica.
Walenta, K., 1992a. Przyczynek do genezy wielbarskich cmentarzysk kurhanowych
z kre˛ gami kamiennymi. Acta Universitatis Lodziensis. Folia Archaeologica 16,
169e177.
Walenta, K., 1992b. The dynamics of settlement changes in the microregion of Lesno
in the East Pomerania. Peregrinatio Gothica III 14, 177e190.
b ksia˛ ze
_ ˛ cy nr 4 w Lesnie gm. Brusy na stanowisku nr 22.
Walenta, K., 1999. Gro
dzkie Sprawozdania Archeologiczne 5, 179e187.
Ło

Walenta, K., 2008. Lesno i mikroregion w po
znej epoce bra˛ zu i wczesnej epoce
_
zelaza.
Chojnice.
Walenta, K., 2009. Lesno i mikroregion w okresie rzymskim. Chojnice.
Wanner, H., Solomina, O., Grosjean, M., Ritz, S.P., Jetel, M., 2011. Structure and origin
of Holocene cold events. Quat. Sci. Rev. 30 (21e22), 3109e3123.
Warden, L., Moros, M., Neumann, T., Shennan, S., Timpson, A., Manning, K.,
n, L., Kotilainen, A.,
Sollai, M., Wacker, L., Perner, K., H€
ausler, K., Leipe, T., Zille
, J.S., 2017.
Jansen, E., Schneider, R.R., Oeberst, R., Arz, H., Sinninghe Damste
Climate induced human demographic and cultural change in northern Europe
during the mid-Holocene. Sci. Rep. 7 (1), 15251.
Warner, B.G., Kubiw, H.J., Hanf, K.I., 1989. An anthropogenic cause for quaking mire
formation in southwestern Ontario. Nature 340, 380e384.
Whitlock, C., Larsen, C., 2002. Charcoal as a Fire Proxy. Tracking Environmental
Change Using Lake Sediments. Springer, pp. 75e97.
Williams, M., 2000. Dark ages and dark areas: global deforestation in the deep past.
J. Hist. Geogr. 26 (1), 28e46.
Williams, J.W., Blois, J.L., Shuman, B.N., 2011. Extrinsic and intrinsic forcing of abrupt
ecological change: case studies from the late Quaternary. J. Ecol. 99 (3),
664e677.
Williams, M., Zalasiewicz, J., Haff, P., Schwa gerl, C., Barnosky, A.D., Ellis, E.C., 2015.
The Anthropocene biosphere. The Anthropocene Review 2 (3), 196e219.
Wodziczko, A., Thomaschewski, M., 1932. Staniszewskie Błoto na kaszubczy
znie.
Acta Soc. Bot. Pol. 9, 1e10.
Woodward, C., Shulmeister, J., Larsen, J., Jacobsen, G.E., Zawadzki, A., 2014. Landscape hydrology. The hydrological legacy of deforestation on global wetlands.
Science 346 (6211), 844e847.
Wos, A., 1999. Climate of Poland (In Polish). Wydawnictwo Naukowe PWN,
Warszawa.
Włodarczak, P., 2017. Battle-axes and beakers. The ﬁnal eneolithic societies. In:
Włodarczak, P. (Ed.), The Past Societies, vol. 2. PAN, Warszawa, pp. 275e336.
Yu, Z., 2006. Holocene carbon accumulation of fen peatlands in boreal western
Canada: a complex ecosystem response to climate variation and disturbance.
Ecosystems 9 (8), 1278e1288.
Yu, Z.C., Loisel, J., Brosseau, D.P., Beilman, D.W., Hunt, S.J., 2010. Global peatland
dynamics since the last glacial maximum. Geophys. Res. Lett. 37.
Zolitschka, B., Behre, K.-E., Schneider, J., 2003. Human and climatic impact on the
environment as derived from colluvial, ﬂuvial and lacustrine archivesdexamples from the Bronze Age to the Migration period, Germany. Quat.
Sci. Rev. 22 (1), 81e100.
Zoll-Adamikowa, H., 1969. Results of the 1968 excavations of early medieval sites in
Poland. Sprawozdania Archeologiczne 21, 385e390.

