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Abstract: 'Little Ice Age' (LIA) climatic deteriorations havaeen abundantly documented in various archives
such as ice, lake sediments and peat bog depBsilaeoecological analyses of peat samples havéfiden
these climatic deteriorations using a range of pkes, for example palynology, plant macrofosgistate
amoebae or carbon isotopic analyses. The use gjan@ geochemistry and the reconstruction of duses

has remained a challenge in tracing the naturelAfdimatic changes. Although the idea of enhaneeakion
conditions and storminess is commonly discussesl ctinditions for dust deposition in peatlands dwerope
during the LIA are rarely favourable, because thwral forest cover over Europe was much more itapbr
than nowadays, preventing dust deposition. Thanisg forest canopy masks the deposition of dystatlands.

In northern Poland, near the Baltic shore, the Hiskie Blota area was deforested arowmd1100, ie, just
before the LIA, and therefore constitutes a keyadg the reconstruction of LIA climatic change. tivihe
support of a well-constrained chronology, climaffiectuations are recorded in an ombrotrophic bomais
inorganic geochemistry, plant macrofossils and @artsotopic analyses. The reconstruction of LIAmgtic
changes is in good agreement with other recordas Poland and NE Europe. Howeveri.&0-year discrepancy
can be observed between various records. Thisegliaocy is possibly due to progressive time-depdnden
cooling gradient from north to south Europe.

Key words: Peat, multiproxy, 'Little Ice Age', geochemistrytatsle isotopes, radiocarbon, lead 210, last
millennium, Poland.

Introduction

Recent studies have demonstrated the potentiahbfarophic bogs to record past pre-industrialtilations of
elements during the Holocene (eg, Kylaneteal.,2005, 2007). Other studies have assessed the pbEpeat
bogs to record past climatic fluctuations during kstc. 3000 years using botanical (eg, Maugebwl.,2002a;
Barberet al.,2003) and palynological (eg, Anshatial.,2001; Daviset al.,2003; Finsingeet al,2006) proxies.
However, climatic fluctuations during the last milhium have been rarely characterized using inécgan
geochemistry (eg. Shotyt al., 1998; Kylanderet al.,2007). In addition, multiproxy analyses of northeas
European peat deposits, which include inorganicclgemistry, are scarce (eg, Lukashev al., 1974;
Twardowskeet al.,1999; Vileet al.,2000; Novalet al.,2003; Mihaljevicet al.,2006; Syrovetnilet al.,2007).

The climate of the last millennium is characterizgda warm period known as the 'Medieval Warm REgrio
(MWP) betweerc. AD 1000 and 1300. It is followed by a series of climateteriorations between AD 1300
and 1800, the so-called 'Little Ice Age' (LIA). Tbauses of these climatic deteriorations may betdwhanges
in solar activity (van Geadt al.,1999; Mauquoyet al.,2004). Cold periods coincide with solar activityninha,
as recorded by low sunspot numbers (Stuiver andi@ras, 1993). During periods of reduced solarvagti
there is an increased production*®®, as there is less solar magnetic shielding ageasmic rays (van Geet
al., 1999). TheA'C is thus anti-correlated with the number of sutsp®he highesh'“C values are observed
during cold periods. Climatic deteriorations durithg LIA have been investigated using various aesi for
example, ice cores (eg, O'Brien al., 1995; Dahl-Jensent al., 1998), lake sediments (eg, Blastsal., 2007;
Haltia-Hovi et al., 2007) and peat deposits (eg, Mauqubyal., 2002a). These climate reconstructions record
several periods of climatic deteriorations, nantbly Wolf (AD 1300-1380), Sporerad 1420-1470) Maunder
(AD 1645-1715) and Daltomp 1790-1820) minima. However, it remains challendiogttempt tracking these
rapid climatic changes using peat inorganic geodteyn a tool that has been abundantly used tonscact
past human activities.
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Pomeranian Baltic bogs are located on the Southége of the cupola-like raised bog area of Eur@mvéld,
1923, 1925: Kulcziyski, 1949). Palaeoenvironmental high-resolutiontirprbxy studies on these mires are very
rare in NE Europe. Most of the previous research fogused on past vegetation changes (Wodziczko and
Thomaschewski, 1932; Otluszewski, 1948: Otliszeveskil Boréwko, 1954; Szafiski, 1961; Latalowa and
Pedziszewska, 2003). The investigation of Herbichdi®98) provided a Holocene record of local vegetati
and basic geochemistry of Slowinskie Biota bog Stahiszewskie bog. In addition, recent investigetiasing

a multiproxy approach are currently in progresafeatowiczet al.,2009).

Figure 1: Top. Site location and surrounding eastern Europ®mzZn ore (light grey) and coal (dark grey)

basins (after Bibler et al., 1998; Mukai et al.,). Bottom. Peatland preservation indices based oreageopic aerial

photographs (after Herbichowa, 1998). 1, open pedticomplex of Sphagno-tenelli- Rhynchosporetunaglisphagnetum magellanici
typicum and <5% single dwarf pines of c. 2 m highppen Sphagnetum magellanici pinetosum peatlatidmore densely (max. 10%)
distributed pines of 2 to 5 m high; 3, small patcloé open Sphagnetum magellanici pinetosum peathtid initial state of Vaccinia

uliginosi-Pinetum, small patches of Sphagnetum fteagjei typicum and sparse pine of 4 to 8 m high#45), 8 m to 20 m high pine and
birch-pine cover (50% to 80%) tree (Vaccinio uliggitPinetum and Betuletum pubescentis); 5, commuwmith Calluna vulgaris on dried
peat; 6, degenerated form of alder and young piresf; 7, meadow and pasture communities (clasénMeArrhenatheretea) on humified
peat; 8 (9+10), deciduous forest meadow commurfitegs Molinio-Arrhenatheretea class on mineral s08, initial stage of development
of peatland vegetation and young forest plantegérnnants of peat exploitation; 10, anthropogengetetion (ie, recent); 11, active ditches
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This paper attempts to use the atmospheric sotl ftlus (ASD) derived from titanium concentration afpeat
record to reconstruct the possible climatic evehsng the last millennium in northern Poland. @tpeoxies
(carbon stable isotopes and macrofossils) and atecage dating are also used in order to tentgtpieture the
various phases characterizing this cold periodci@pattention is given to the environmental coiodis inferred
by the various proxies during the LIA. A compariseith other records from this peat bog and witrords over
Europe allows us to draw a sketch of the LIA syocleity over northeast Europe.
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Site description

Slowinskie Biota bog is located 8 km to the sousthed Dartowo city, and 10 km away from the Bal8ea
(Figure 1 top). Up to the end of eighteenth centSigwinskie Biota bog had been an open bog (iecovered
by trees). It has been drained twice: (1) in 188@nvsurrounding ditches were dug and (2) in 1978nnwo
ditches were dug through the central part of thg. Gte latter were renewed in 1985 (Herbichowa,8)9%he
actual vegetation is composed of several specieSpofagnumlin the outer partsVaccinium uliginosum,
Calluna vulgarisand Betula pubescerare present (Figure 1 bottom).

Methods
Coring and subsampling

A 1 m core (SL4) was retrieved from the centralt mdrthe bog (Figure 1 bottom), but away from trg7Q
drainage ditches, using a stainless steel 10 cfh eni Wardenaar corer (Wardenaar, 1986). The cosetlen
wrapped in plastic bags and stored in a fridge. €dges of the core were removed to avoid any metal
contamination by the corer. The remaining core thas sliced into 1 cm thick samples using a titemknife.
Each sample was stored in a plastic bag. In thidystwe present various proxies obtained on SL4rafassils,
inorganic geochemistry*C, radiocarbon and lead dating. They are compaitdsglected water-table change
indicators from a second core (SL2) retrieved & same bog, 10 m away from SL4. SL2 has also batud
and analysed for biological proxies such as polleacrofossils and testate amoebae by Lamentowtica.
(2009).

Chronological control
2% analyses

Polonium was extracted from 2 g of dry peat powssng a sequential J@,-HNOs-HCI digestion. To control
efficiency of deposition and alpha detection, atiparof HCI containing a known amount of artificffPo was
added before evaporation and deposition on a sdigr. Efficiency of deposition up to 80% was conmiyo
achieved.

Alpha activity was measured with a spectrometerb@eara model 7401, with a surface-barrier Si senmdcotor
detector. The sensitive area of the detector isf868 and its energy resolution is 20 keV. This enablemod
separation of*%Po E = 5.308 MeV) and®Po E = 5.105 MeV) peaks. As absolute activities of bistitopes
are rather low, each measurement lasted two daysder to obtain sufficient accuracy. The resultsha
calculation were corrected for radioactive deca®®o since the moment of its calibration,and deca¥/%®b
since the moment of polonium extraction from seditae

The Constant Rate of Supply (CRS) model (Applelf})13 was applied in order to build tPf€Pb age model.
The activity of autigenic'®b is assumed to be constant along the sedimenmeollt is determined by
measurements on sediments old enough to contaiiohthonous*®Pb. The activity of allochthonous lead is
then calculated by subtracting the activity of geitic lead from the total lead activity. Uncertaatwere
calculated using the propagation of errors techmiggcording to 1ISOGuide to the expression of uncertainty in
measuremenResults are summarized in Table 1.

14C dating

Macrofossils were carefully selected from eighttmesanples of SL4, after soaking in mQ water andsfier in a
Petri dish, following the protocol developed byiil et al. (1995) and Mauquogt al. (2004). In this way only
the parts of aboveground plants were selected™¥rdating. Young carbon contamination by downward
growing rootlets was therefore prevented. In thmagas from Stowdiskie Btota, the main macrofossils collected
were Sphagnumnspp. stems and opercul@alluna vulgarisstems.Erica tetralix stems and inflorescences and
Andromeda polifolideaves (Table 2). Charcoal fragments and some seedsalso collected when other plants
were not present in sufficient quantities f6€ AMS. Before measurement, samples were pre-trasied) an
acid-alkali-acid washing sequence in order to reenany carbonate, bacterial €é&nd humic/fulvic acids. The
graphite targets were produced according to a pobtased in the Gliwice Radiocarbon Laboratory (@oand
Czernik, 2000)XC measurements were performed at Poznan Radiocadimratory (Poland) following the
protocol described by Goslat al.(2004).
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Table 1: Results of*°Pb analysis

Lab Mean depth?*Pb  corrected Uncertainty Lab Mean depth “*Pb  corrected Uncertainty

nr. (cm) date (AD) (yr) nr. (cm) date (AD) (yn)
0-1 05 2006 1 18-19 18.5 1978 2
1-2 15 2005 2 19-20 19.5 1975 2
2-3 25 2004 2 20-21 20.5 1973 3
3-4 35 2003 2 21-22 215 1970 3
4-5 45 2002 2 22-23 225 1966 3
56 5.5 2001 2 23-24 235 1962 3
6-7 6.5 2000 2 24-25 245 1958 3
78 75 1999 2 25-26 25.5 1953 3
8-9 85 1998 2 26-27 26.5 1946 3
9-10 9.5 1997 2 27-28 27.5 1936 3
10-11 10.5 1996 2 28-29 28.5 1928 3
11-12 11.5 1995 2 29-30 29.5 1919 3
12-13 12.5 1993 2 30-31 30.5 1911 3
13-14 13.5 1991 2 31-32 315 1902 4
14-15 14.5 1988 2 32-33 325 1890 4
15-16 15.5 1985 2 33-34 335 1870 6
16-17 16.5 1983 2 34-35 34.5 1824 8
17-18 17.5 1980 2

Table 2: Description of samples chosen € AMS dating and results of measurements and eaidor

Lab  Sample “C  age95.4% age Sample composition

no. depth (cm) (BP) interval

GdA- 345+0.5 200+30 1741-1857* Sphagnum spp. branches and operculagrica tetralix
1097 inflorescence

GdA- 36.5+0.5 95%25 1683-1738 Sphagnumspp. branches and opercul&alluna vulgaris
1088 branchesErica tetralixinflorescence, seeds

GdA- 435+0.5 455+30 1416-1480 Sphagnumspp. branches and opercul&alluna vulgaris
1098 branches and leavegrica tetralix inflorescence Andromed:

polifolia leaves, charcoal, seeds
GdA- 525+0.5 875+40 1165-1261 Sphagnum spp. branches and opercul&alluna vulgaris

1099 branches and leavesrica tetralixinflorescence, charcoal
GdA- 57.5+0.5 935+30 1084-1176 Sphagnumspp. branches and opercul&alluna vulgaris
1100 branches and leaves, charcoal

GdA- 68.5+0.5 1055+30 974-1026 Sphagnunspp. stems

1089

GdA- 79.5+0.5 1130+30 862-956 Sphagnunspp. stems

1090

GdA- 97.5+0.5 1230+30 675-797 Sphagnunspp. stems

1091

* Calibrated age range obtained as a result of samizing distribution of probability of calibratedy@ and*®Pb-derived age, assuming
Gaussian distribution for the Latter.
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Table 3: Elemental geochemistry on dry bulk samples

Mean Mean Mean Age Unc. Cl K Ca Ti Fe Br Rb* Sr Zr?

depth density ace. ratecal. cal. (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
(cm) (glen?)  (cmiyr)

4.5 0.023 0.830 2002 3 611 2836 4316 36 851 128 5.44 8.77 D.L

5.5 0.024 0.826 20012 408 1820 2628 32.36 490 13.1 4.22 6.47 D.L.
6.5 0.024 0.973 20002 390 1850 2539 27.3 622 13.7 3.78 6.51 D.L
7.5 0.024 1120 19992 452 1493 1657 34.9 574 121 337 534 D.L.
8.5 0.027 1.024 19982 380 1330 1472 35.1 677 16.1 3.06 551 D.L
9.5 0.03 0.883 1997 2 421 1237 1065 38.7 718 173 3.71 589 D.L.
105 0.032 0590 19962 487 1411 1113 69 1024 148 252 494 D.L.
13.5 0.057 0.369 19912 455 1084 802 31.6 1521 21.3 3.22 8.16 D.L.
16.5 0.056 0.429 19833 380 923 1209 62.8 6635 29.3 38 16 4.11
18.5 0.05 0.358 1978 3 301 766 1134 57.7 6949 279 373 154 D.L
215 0.044 0.275 19703 328 659 1310 81 5382 28.92 2.71 175 3.58
235 0.047 0.176 19623 278 621 1207 953 5181 31.3 339 17.7 4.13
265 0.065 0.117 19453 262 770 1250 244 3901 335 446 214 137
295 0.066 0.095 19203 307 1148 1024 272 2840 59.3 541 18.1 214
325 0.065 0.029 18885 330 748 895 138 1996 42 1.88 123 9.32
345 0.058 0.020 182041 205 615 772 155 2021 23.1 286 11.7 129
36,5 0.071 0.022 171931 309 1171 943 376 2248 352 656 19.1 355
38,5 0.116 0.026 162729 405 980 807 353 1634 451 559 17 35.6
415 0.101 0.031 151231 645 511 696 206 1152 56.8 295 11.7 19.7
435 0.141 0.033 144732 802 423 656 180 1139 67.3 2.38 10.8 16.1
455 0.149 0.036 138735 881 258 708 148 1231 59 1.34 11.4 14.2
475 0.126 0.036 133139 884 223 795 138 1057 60.1 155 13.1 164
51.0 0.05 0.073 123446 625 130 853 56 1306 54.6 D.L. 112 D.L.
52,5 0.048 0.054 121447 477 96.4 901 34.3 1183 375 D.L. 111 D.L
545 0.045 0.063 117747 362 92 855 425 1229 36.6 D.L. 12 D.L.
57.5 0.03 0.071 112945 294 84.1 801 23.6 1319 32 D.L. 115 D.L
50,5 0.033 0.077 110142 413 109 1137 60.1 1318 38.9 D.L. 14.47 2.6

615 0.031 0.089 107539 439 976 1260 385 1635 39.2 D.L. 153 D.L
66.5 0.035 0.103 101930 348 94.1 1007 233 1505 281 D.L. 12,6 D.L.
68,5 0.031 0.124 100027 285 92 885 189 1271 243 D.L. 10.8 D.L
715 0.032 0.122 974 32 374 102 1087 20.2 1332 258 D.L.. 121 D.L
735 0035 0.126 957 36 433 952 923 325 880 308 D.L. 111 D.L
775 0.028 0.122 925 43 406 935 907 224 1336 34 D.L. 114 D.L
795 0.028 0.116 909 46 406 989 772 255 1026 33.7 D.L. 851 D.L
825 0.037 0.110 883 49 366 101 837 283 842 33.7 D.L. 802 D.L
845 0.04 0.106 865 51 354 103 663 325 735 355 D.L. 8.08 D.L
86.5 0.04 0.104 846 52 441 113 721 37.1 749 449 D.L. 852 D.L
88.5 0.028 0.101 827 54 438 104 689 304 679 423 D.L. 7.87 D.L
915 0.024 0.099 797 56 462 103 684 345 505 37.3 D.L. 8.08 D.L
955 0.031 0.098 757 59 419 112 746 349 688 37.6 D.L. 832 D.L
975 0.025 0.098 736 60 413 101 720 225 651 334 D.L. 6.97 D.L
Uncertainty (%) 10 10 3 7 7 5 5 5 10

LLD 30 25 15 09 09 06 08 1 2.5

2D.L., measurements below detection limit.

X-ray fluorescence

Forty-one samples were selected along SL4 coreXRF analysis. Samples were freeze-dried and then
powdered in an automatic agate mortar (400 rpm). I0he gram of the resulting powder was analysed fo
selected elements at the Institute of Environme@abchemistry (Heidelberg, Germany). Energy-dispers
Miniprobe Multielement Analyzer EMMA (Cheburkin aighotyk, 1996) was used to analyse Br, Rb, Srzand
while energy dispersive XRF spectrometer TITAN (Rin&kin and Shotyk, 2005) was used to analyse minor



Published in: The Holocene (2009), vol.19, isspt,G25-637
Status: Postprint (Author’s version)

elements Cl, K, Ca and Ti. The two analysers alibreded with various organic international startttarcoals
(NIST1632b, NIST1635, SARM19 and SARM 20) and plamterial (NIST 1515, NIST 1547, NIST 1575,
BCR60 and BCR 62). The results, detection limitd ancertainties are given in Table 3.

Plant macrofossils

Plant macrofossil samples from SL4 were boiled ws% KOH and sieved (mesh diameter 125 um).
Macrofossils were scanned using a binocular miapsqx10-50), and identified using an extensivenaice
collection of type material (Mauquoy and van Ge2007). Volume percentages were estimated for all
components with the exception of seeHgpphorum vaginatunspindles,Sphagnunspore capsulesyieliola
ellisii (Type 14) fruit-bodies and charcoal particles, whigere counted and expressed as the nufm@resent

in each subsample. Zonation of the macrofossilrdiag was made using psimpoll 4.25 (optimal spittoy
information content).

Figure 2: Age-depth model constructed on the basi$'%b and'“C dating (see text for detailspiamonds
represent results of'®b dating; cross represents midpoint of 95.4% agerval obtained as a result of summariziftPb and *‘C
calibrated age; circles represent midpoints of 85.4alibrated™‘C age range (see Table 2). Error bars and the gfegded area show
95.4% confidence interval of age for dated horizand the model respectively
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Stable isotopes

Samples for isotopic investigations were takenamhecentimetre of the SL4 peat monolith. Each samas
washed in distilled water. Then orfgphagnumstem was selected from each sample using low-power
microscopy. Loadewt al. (2007) reported statistically significant differexsc between the carbon isotopic
composition of bulk organic material in pendantviess branch leaves and stems of growBghagnum.
Therefore all the leaves, if present, were cargfidmoved. Then, stems were dried in an oven d€5B&cause
isotopic composition of carbon in bulk organic mite closely follows the isotopic pattern measured
a-cellulose and nitrocellulose (Ménot-Combetsal., 2004; Skrzypelet al., 2007), all the measurements were
performed on bulk organic material 8phagnunstems. Fragments of stems weighing about 50 pg usee for
each measurement. The samples were packed inpgdules and combusted in the Euro Vector EuroEA3000
elemental analyser at 1020°C. The resulting gagze weparated by the gas chromatography metho€@nd
was transferred to a GV Instruments IsoPrime iseteio mass spectrometer. THEC values are expressed in
%0 VPDB with an uncertainty equal or better than 0422

Results
Ombrotrophy
Low strontium values have already been used tcatdithe ombrotrophy of peat deposits (eg, Shetyal.,

2002; De Vleeschouwet al.,2007), ie, bogs that are exclusively fed by atmesigtinputs (eg, rain, snow, fog,
dust). In Slowinskie Blota. Sr values below 20 pfirable 3) indicate the ombrotrophic nature of thére 1 m
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peat profile. The plant macrofossils (see Figuraldd consistently indicate the presence of aciitiient-poor
conditions characteristic of ombrotrophic peat bogs

Age-depth relationship

Calibration of radiocarbon dates was undertakengutie IntCal04 calibration curve (Reingtral.,2004) and
OxCal 4.0 software (Bronk Ramsey, 1995, 20@1priori information from thé'%Pb-derived ages was used in a
P-sequencenodel (Bronk Ramsey, 2008). The results of calibraare summarized in Table 2.

From the base of the core to 34.5 cm dep¥i,was used to build an age-depth model. For thelafrom
depth 34.5 cm the probability distribution of calan ages obtained with bofh®Pb and‘C methods were
combined, resulting in the intervab 1741-1857. Above 34.5 cm the result$'8Pb dating were used.

For building the age-depth model a non-linear apghno(generalized additive model, GAM) was used, as
described by Heegaadd al. (2005). The calculations were performed within epetiod on the middle-point of
the 95.4% range of calibrated age, while an unicgyt@qual to the half of this range was assuméub esults

of Pb dating are described by Gaussian distributi@himrheir case the 1-sigma range was used. Odepth
scale, the resulting age-depth relationship pravalenean age and an age range for each slice tofRigare 2).

From the base (@D 675-800) of the core to 52.5 cm depthAD.1065-1260), the mean peat accumulation rate
is rather high (mean = 1 mm/yr). Then, the meamedation rate decreases towards 0.3 mm/yr frorb 6&h
depth (c.AD 1065-1260) to 34.5 cm depth( 1740-1860). For the samples between 34.5 and Oepthdthe
mean accumulation rate is higher, and reflectgrésh, uncompacted nature of the acrotelm peatdiispo

Bulk density, Ti concentration and atmospheric dast flux

The bulk density and Ti profiles record small vadas from the base of the core to 50 cm depthuffeicd).
Then a sharp peak in bulk density occurs betweesn8i035.5 cm depth. Peak values in the Ti prof§e accur

in the same depth interval. From 30 to 20 cm depti,bulk density stabilises between 0.05 ¢/amd 0.06
glcnt. However, at this depth, the Ti profile displaysecond peak. Values of bulk density then decrease
gradually towards the surface of the profile. Titam concentration fluctuations have been used thicate
fluctuations in soil dust inputs to bogs (Gorre393; Holynskeet al.,1998; Shotylet al.,1998). These changes

in soil dust inputs can be due to various causesh ss agricultural activities (Holzer and Holz£898) or
variation in natural atmospheric soil dust flux8a¢tyket al.,1998).

Atmospherically derived Soil Dust (ASD) can be cédted using geochemical elements such as Ti (8teity
al., 2002) or Sc (Shotykt al.,2001). Since these elements are conservativen ibeaassumed that their amount
in 'soil dust' is similar to their amount in thepgp continental crust. Using the Ti concentrationupper
continental crust (0.40%, McLennan, 2001), the eotration of 'soil dust' in a peat sample can béuded
(Shotyket al.,2001). Taking into account the bulk density andrtfean accumulation rate derived fréf@ and
% dates, ASD in a sample can be calculated (Sktgk, 2002).

The ASD flux for the Slowinskie Biota profile cam livided into five zones (Figure 3). From the bak¢he
core to 50 cm depth, ASD values are very low, \githean averaging 22 pg/eper yr. Given thé’C dates, this
part of the core was deposited during the earlydiéidAges. This period is followed by a period ofrieased
ASD (mean =156 pg/chper yr) between 50 cm and 35 cm depth, spanniagléventh to the beginning of the
eighteenth centuries (late Middle Ages and earlyddta Era). Then ASD reaches very high values (n¥ean
446 pglcr per yr) between 30 and 25 cm depth, ie, durinditeehalf of the twentieth century. From 24 to 13
cm depth, ie, during frons. AD 1960 to 1990, values average 249 pd/qar yr. Then the ASD decreases
drastically towards lower values (mean = 204 ug/per yr) at the surface.

Detecting sources using enrichment factors

Ti was used to calculate enrichment factors (ERtike to the upper continental crust (UCC). Ti bhagn used
in other studies as a conservative element to lea&e&F (eg, Kempter, 1996; Shotykal,2002).

Given the location of Sloviskie Biota, the main particle sources to the begramwater, sea-salt sprays, ASD
and anthropogenic particles from various originsa(durning, mining and smelting). Table 4 sumnesithe
EF for each element in the five main intervals emtered in the 1 m core.
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K, Rb and Zr show very low enrichment factors. Mokthese elements are therefore fed by ASD. Caalgr
the higher K EF in the surface layers could bedahko plant recycling. Ca and Sr also record lowcbment
factors, the lowest one being observed betweem®bard 25 cm depth. In the basal (100-50 cm) an@umppst
(25-0 cm) part of the core, these elements recambderate increase in enrichment factor (Ca EF@mEF
(100-50 cm) = 4; Ca EF and Sr EF (10-0 cm) = 92an@spectively). These values may be explaineselaysalt
sprays from the nearby Baltic Sea.

By contrast, Cl and Br display high enrichment dast(7 < Cl EF < 84 and 445 < Br EF < 2906). These
elements are strongly enriched in seawater reldtivéhe upper continental crust, making sea-satyspthe
most likely source for Cl and Br. However. Cl, Bra and Sr cannot be used as quantitative indicafarsrine
aerosols inputs, although partly fed by sea-salysp Indeed Shotyk (1997) showed that more th&a 6Dthe
elements supplied to the bog by marine-influenedawater are not retained by the peat.

Figure 3: Density (Ti), and atmospheric soil dust flux verdegth.**C age intervals and sont&Pb reference
points are also reported
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Plant macrofossils

The results presented in Figure 4 and Table 5 detoe main features of the four macrofossils zones.
Relationships between the plant macrofossil compnevere explored using principal components aimlys
(PCA) (Figure 5). The SL4 macrofossil stratigraplegisters relatively low local water-table depthszone
SL4-1, given the abundance $phagnunsectionAcutifolia leaves, whilst charcoal fragments are sporadic and
not present in significant numbers. Towards thedbihe zone the samples from mid-point depths-88.5 cm

(c. AD 1210 toAD 1360), record increased mire surface wetness, dilkenpresence oBphagnumsection
CuspidataandSphagnum tenelluteraves. In zone SL4-2 high percentage valu&pbiagnunsectionCuspidata
and peak percentage valuesSghagnum cuspidatu(mid-point depths between 36.5 and 34.5 am.1720 to

AD 1820) alternate with high values of Monocots uratiéhtiated Eriophorum vaginatunepidermis/spindles
and the highest recorded values of charcoal fraggndrhis zone therefore records the highest miréase
wetness in the peat profile and additionally theaggst disturbance, given the abundant presenoaabscopic
charcoal indicating the occurrence of surface fiezt (charred leaves and stem<ailluna vulgarisare present

in the peat matrices in this zone). Charcoal fragmdecrease markedly in zone SL4-3. whilst thaptisarance

of aquaticSphagnum cuspidatuand the increased representatiofCafluna vulgarisstems indicate lower local
water-table depths. Local water-table depths appedrave decreased further in zone SL4-4Sphagnum
sectionAcutifolia leaves return as the dominant component of the patices. Fires appear to have been very
infrequent in the final zone, since charcoal fragteeare rare. The Eigen values of axis 1 (0.598) atis 2
(0.209) represent 80.7% of the cumulative percentagiance of the species data (Figure 5). Axigels to be
determined by a moisture/burning gradient, with monk microform taxa on the lefiSphagnumsection
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Acutifolia leaves,Aulacomnium palustrand Calluna vulgarisflowers/seeds). Two groups on the right of the
PCA ordination indicate hollow microform tax&pghagnum cuspi-datusgction Cuspidataand Sphagnum
tenellun) and plants Eriophorum vaginatumand Rhynchospora albaassociated with the burning of the bog
surface (Sillasoet al.,2007).

Table 4: Enrichment factors calculated in the five deptheitls of the core using values from the upper
continental crust (McLennan, 2001 ) and Ti as assowative element

Concentrations in Values/Ti 100 cmb0 50 cm35 35 cm25 20 cm-10 10 cmO cm

UCC (ng/g) uccC cm E.F. (Ti) cm E.F. (Ti) cm E.F. (Ti) cm E.F. (Ti) E.F. (Ti)

Cl 640 0.16 84 20 7 41 82

K 28650 7.15 0 0 1 2 7

Ca 29450 7.34 4 1 1 2 9

Br 1.6 0.0004 2906 676 445 1054 1050
Rb 110 0.03 2 1 1 2 4

Sr 316 0.08 4 1 1 3 2

Zr 237 0.06 0 2 1 0 -2

#Value missing as concentrations in these interaselow detection limits.

Table 5 : SL4 macrofossil zonation

Macrofossil Depth Main features
zone (cm)
SL4-4 15.5-2 Very low presence of charcoal fragments with abah&phagnunsectionAcutifolia
leaves. Leaves dkulacomnium palustreccur between 10.5 and Z& and form up t
5% of the peat matrices
SL4-3 27.5- Strong reduction in the number of charcoal fragmentth a large increase Bphagnun
15.5 sectionCuspidataleaves, which record peak values at 26md. Ericales rootlets ar
Calluna vulgarisstems increase between 18.5 and 16.5 cm
SL4-2 45.5- Abundant charcoal fragments are present througth@uzone, with the highest numt
27.5 recorded between 42.5 and 4@&m. The major components of the peat matrices
Monocots undifferentiated artefriophorum vaginatunepidermis and roots. High vals
of SphagnunsectionCuspidataleaves (up to 59%) were recorded between 36.334riH
cm. Seeds dRhynchospora albaccur at 32.5 and 28.5 cm

SL4-1 91- Abundant Sphagnumsection Acutifolia leaves with someEriophorum vaginatur
455 epidermis and root£harcoal fragments are infrequent, and where ptekenot recort
high values. Towards the top of the zone (52.5-48tf) leaves ofSphagnunsectior
Cusidata and Sphagnum tenellunappear and increase in abundance (maxil
abundance values of 15 and 20%, respectively)




Figure 4: Percentage of plant macrofossil in SL4. Zonatiomslenusing information content in psimpoll 4.25
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Figure 5: Principal component analysis biplot of the SL4 plaracrofossil data. The ordination was performed
using CANOCO for Windows version 4.02, using thioviing options: focus scaling on interspecies
correlations, species scores divided by standardadien, centering/ standardization by species
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Stable isotopes

The rawd*C data are presented in Figure 6 and record a fmgead of individual points. This scatter is doie t
the differences of carbon isotopic compositionififedent Sphagnunspecies (Hornibrookt al.,2000). The raw
data points were therefore smoothed using a tho@e-punning average filter. Mean values for thes i&°C
data up toaD 1900 are equal to -27.39%. VPDB. The smoothed cwas zoned into four periods. The first
period @D 800-1200) is characterized by rather large fluétwat of 5*°C oscillating below Ab 800-1000) and
above AD 1000-1200) the mean value for the whole core. Rutire second period from ab 1200 toc. AD
1580, thed™C values first increase up to -25.6%. VPDBcatD 1370, and then decrease down to the mean
value for the whole core. A similar pattern waseslsed for the third period from AD 1580 toc. AD 1850 with

the maximum of -25.5%. VPDB at AD 1700. During the fourth period (from AD 1850) human disturbance
(exploitation of the peat) probably caused largerel@ses of th&">C signal. Indeed, th&*C value inSphagnum
organic matter depends on several factors, the muymirtant being the amount of water stored inhkaline
cells. Models showed that a decreasing amount démnstored in the hyaline cells will increase igito
fractionation resulting in a decrease of % value (Ménot-Combest al.,2004). The successive drainage of
Stowinskie Btota caused a drop of local water-table agal|to the decrease of water content in leaves,
explaining the drop in th&**C during this period.
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Discussion
Causes of LIA deterioration in Stoiskie Btota

The ASD flux profile versus depth (Figure 3) dig@dive peaks around 46 cro. (AD 1370), 38 cm . AD
1650), 28 cmd. AD 1930), 16.5 cmd, AD 1984) and 10.5 cm depth. @D 1996). Above 30 cm depth, ASD can
be explained by increasing industrial activitiespecially coal mining and burning, and lead smgltmPoland
(eg, Strzyszcz and Magiera, 2001). However, theetopart of the ASD flux profile (100-30 cm) may be
explained by natural changes in 'soil dust' inpptssibly related to climatic fluctuations. Whee #hSD flux is
plotted against time (Figure 6), the interval bedwe. AD 1200 andap 1800 records two ASD peaks. These
occur at 46 cm (around AD 1370) and 38 cnc(AD 1650) and may register LIA climatic deteriorations.

In peat bogs, LIA climatic deteriorations have bderected by Barbeat al. (2000) and Mauquogt al. (2002b).

In another peat bog from North Poland, Lamentowétzal. (2008) recorded two periods of reduced peat
accumulation betweesd 1100-1500 andbD 1650-1900, respectively. These authors linked tdesb period to
the LIA, whereas they explained that in their cdlse,youngest period is due to both LIA and hunivigy (ie,
peat exploitation). In their work, van der Lindemdavan Geel (2006) also detected Wolf and Spdraimna in a
Sphagnum-bofrom southernmost Sweden using combined plant nfieesi, pollen and C/N analyses. Periods
of reduced peat accumulation during the LIA mayehbgen due to lower spring-summer temperaturesrsow
down the primary productivity of peat-forming vegn, and cold winters causing freezing of the bogace
(Maugquoyet al.,2004). Reductions in the rate of peat accumuldtiewe the immediate effect of increasing the
relative amount of 'soil dust' found in the peabfie during the LIA. During this time span, evidenfor
enhanced storminess and particle transport hasbalsoe demonstrated by de Jatcal. (2007) in a raised bog
from South Sweden and by Meurissé al. (2005) in peat-dune complexes from Northern Frardere
specifically, Maasctlet al. (2005) also suggested that the LIA could be divided two periods: a first wet
oceanic period fromb 1230 toAD 1620 followed by a dry period fromp 1700 toAD 1950. During other cold
events such as the Younger Dryas stadial, it hes béen demonstrated that erosion rates were ezthanc
causing more resistant minerals to be weatheredrandported to a peat bog, drastically increasiegASD
flux (Shotyket al., 2002). However, during the LIA, such changes apmmted when specific conditions are
encountered. For instance, de Jebgl.(2007) demonstrated clearly that changes in stegmres in Southern
Sweden and short-term changes in climatic condititiat occurred during the LIA could be recordeahits to
nearby sand dune complexes providing easily ereditdterial that can be transported by wind up éopbat
bogs. The same specific conditions can be apptictldwinskie Biota, which is also very near thesbese and
dune complexes. Moreover, the PCA ordination of pent macrofossil data shows a burning/disturbance
gradient superimposed on to the mire surface wetgesdient. Surface fires on peat bogs can causeased
mire surface wetness (Valirantdaal.,2007), since hummock microforms can be destroyadsiog a reduction
of the local microrelief and therefore promotingreased mire surface wetness (Sillasp@l., 2007). Given
this, it is possible that the increases in mirdam@ wetness detected with the plant macrofossilyais are due
to disturbance by fires. Pollen data from the othigh-resolution study of Slowinskie Biota bog (Slshowed
the beginning of deforestation at b 1100 (Lamentowiczt al., 2009). Consequently increased landscape
openness, surface fires and proximity to the seashl allow soil material to be available for efon and
subsequent deposition as ASD in the mire. In otherds, c. 150 years before the onset of the LIA wsis
made available for future erosion, providing anaidsource of particles to be transported by windhi peat
bog.

In Slowinskie Biota, the increase of ASD is alsaretated with a shift in DWT (Figure 6), reflectinigat the
onset of LIA is characterized by increased storssrend dryness of the area. Moreover, the lowdefcand Br
EF values between 50 and 30 cm depth (Table 4)indigate a more continental climate over North Rdla
during this period. These results do not correspaitld the initial wet shift observed by de Josigal. (2007) at
the beginning of the LIA. However, de Joagal. (2007) also pointed out that the climatic anomadissociated
with the LIA and MWP they have evidenced in theicard are reflected as periods with predominantyyod
wet conditions. They noticed that these aeolianviagt peaks started during the recorded hydrologica
transitions, regardless of the direction of thaséiss In North Poland. Lamentowie al. (2008) explained that
the development of peat bogs in this area couldteen by westerlies during wet periods, and by enor
continental influence during dry periods. No moregise explanation has been found so far to explaiy LIA

is recorded by dry shifts in Baltic bog whereass itecorded by wet shifts in other areas such &southwest
Sweden. Therefore, we can conclude that in ourrdedbe ASD peaks are found during LIA, but thasome
locations, they can be accompanied by wet shifisreds in other areas, they can be accompaniedytshits.
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Figure 6: Atmospheric soil dust flux, mire surface wetnestseé from testate amoebae adtiC versus time in Stoviskie Blota.Raw data (dotted line), three-point average (solid
line) and mean value (dashed vertical line) areegifor both mire surface wetness aiiC. Comparison with aeolian sediment influx (AStjnid in two peat bog sequences (Store Mosse andriodae) from south
Sweden (de Jong et al., 200%}*C curve (Reimer et al., 2004), temperature anomaligve (Korhola et al., 2002) and 50-year runnimgcipitation data presented over Northern Europauling et al., 2005)
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Timing of the LIA in NE Europe

The first dry shift recorded by the ASD flux in 8limskie Biota corresponds to the dry shift found by
Lamentowiczet al. (2008) in another Baltic bog betweeap 1100 andab 1500. These authors also record a
second zone of climatic disturbance betweenl650 andaD 1700-1900. They explain that this second shift
starts with a transition to wetter conditions, deled by a dry period, reflecting climatic instatyiliThey claim a
possible human influence superimposed to climatycsthifts. However, the lack of evidence for huniapact
until AD 1800-1850 together with the strong correlation leetwvSlowinskie Biota bog and the peat bog studied
by Lamentowiczt al. (2008) support a climate-driven environmental cleaimgboth sites betweexnp 1650 and

AD 1800. The LIA timing found in our record fits alall with the period of decreased temperatare® 1400-
1800) found by ¢dryseket al. (2003) in a peat core from SW Poland, although shigly is lower in resolution
than our work. Our results described here are ialgmod agreement with the timescale found for #vient in
tree rings from various locations in Poland (Paztual., 2007), and with results found by van der Linden and
van Geel (2006), who detected climatic deterioratiduring the Wolf and Spdrer minima betwe®nl1300 and

AD 1550 in a peat bog profile from Southern Swedenrddwer, as in the present study, they also found a
synchronous increase in bulk density during thieetinterval. Their bulk density values vary betw@®b and
0.15 g/cmi during the LIA, whilst values lower than 0.05 gfcim other time intervals were recorded outside the
LIA time interval.

In Stowinskie Btota, the ages of the high ASD peaks arelhigbnsistent with LIA intervals recorded in both
southern Swedish peat deposits (Figure 6) and dakéments from Finland (Weckstroet al., 2006; Haltia-
Hovi et al., 2007), which suggests that LIA climatic deteriawa may have occurred synchroneously in NE
Europe. No dust peak is recorded befanel 300 because the early 'Medieval Warm Period' ésadterized by
relatively stable conditions and low wind activige Jonget al.,2007). When comparing our data with results
from de Jonget al. (2007) and other data (Figure 6), slight age djzmneies occur between the various phases of
climatic fluctuations and are linked to the varigasnpling resolutions and constraints associatéu age-depth
models (Figure 6). The uppermost ASD peak foundSiowinskie Biota may correspond to the Maunder
minimum. However, because of our sampling resahjtib is also possible that this ASD encompasses th
Dalton minimum. The lowermost ASD peak may recomthbthe Wolf and Spoérer minima, indifferently.
Nevertheless accepting a 70-year discrepancy éobdése of this zone 1300 in SL4 andb 1230 found by de
Jonget al.,2007), the time span for this earlier stage oflthis in good agreement with results from de Jong
et al. (2007). It can therefore be concluded that thesiteom between the various LIA minima will be
approximately synchroneous in NE Europe regardiéfise area.

Response to precipitation and temperature changes

A three-point running average smoothing proceduras vwperformed on testate amoebae water-table
reconstruction data (DWTF in Figure 6) from Lamentowicet al.(2009) and these were then compared with the
isotopic data of SL4'C in living plant organic material is controlled piiotosynthesis (Farquher al., 1982).
Carbon isotopic fractionation between atmosphefdz &hd non-vascular plant cellulose was proposedidpye-
and White (1995). Climatic factors that should mnsidered when analysing variations of carbon fsoto
composition in non-vascular plants are: temperatwienidity and the partial pressure of O@®Iénot-Combegt

al., 2004). However, decomposition of peat organic nigtemay disturb the ‘original’ carbon isotopic
composition in peat (Kracht and Gleixner, 2000).check if it was possible to derive more than latahatic
changes from thé™*C signal, ours'®C results were compared with the reconstructed f@ao summer
precipitation curve for the last 500 years (Paulngal., 2005) and reconstructed temperature anomalies for
Fennoscandia (Korholet al.,2002). It seems that the isotopic data are notlsypmized to reconstructed mean
summer precipitation for Europe. In the presentlgtihe factors driving the"*C remain difficult to identify.
The 8"C curve is in good agreement with the reconstrutéetperature data for Fennoscandia, although time-
dependent discrepancies occur. Wolf and Maundemmairare clearly recorded in tlé°C curve although the
Spodrer minimum remains unclear as for both ASD BWITy, records. This slight delay between climatic
events recorded by ASD, DW{ and§**C in Slowinskie Biota and Fennoscandia suggestsdiméng last two
millennia, the temperature over the southern Balticre decreased a few decades later than in Norftheope
during the LIA minima. Conversely, the shift towardigher temperature during optima occurred a feeades
earlier than in Northern Europe.
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Conclusions

The main natural sources of major elements recoméite 1 m Slowinskie Biota peat profile are 'shilst' and
sea-salt sprays, which account for the main pal, @a, Zr, Ti, Fe, and Cl and Br data variability.

‘Little Ice Age' climatic deteriorations have raréeen identified using ASD fluxes in European geads. LIA
climatic deteriorations have only been detectespiecific areas where peat bogs are surroundeddily eeoded
material (eg, de Jongt al., 2007). In Slowinskie Biota, the particular fact tthhe surrounding areas were
deforested by human activities 150 years beford.tAgrovides a unique opportunity for soils to &eensively
eroded and transported. As a result, LIA climatiarmges can therefore be successfully tracked us81g in
this bog. LIA climatic deteriorations are recordedhe Slowinskie Biota bog profile betweemab 1200 anct.
AD 1800 using the ASD, plant macrofossils &MtC. The results are in very good agreement withrateords,
claiming synchroneity of the LIA over NE Europegaedless the causes and/or consequences of ther_bAr
record, these cooler and drier periods are charaetk by increased soil dust fluxes possibly relate an
increase in erosion processes and an increasetheatatity of climate. Multiproxy data (macrofossiltestate
amoebae ané™C) strongly support the ASD flux record by showiaganging humidity and temperature
conditions during this period.
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