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As so ci ate Ed i tor: Wojciech Granoszewski

The Mosty site, lo cated in an aban doned me an der of the Bia³a Nida River (south ern Po land) in cludes fluviogenic peat 1.54 m
thick, with a re cord of palaeoclimatic changes since the Bo real phase (9258 cal BP). Dur ing ex ploi ta tion of peat and sand,
nu mer ous subfossil tree trunks, mainly Scots pine (Pinus sylvestris L.), were ex tracted from the de pos its. Re con struc tion of
palaeoenvironmental changes on the ba sis of peat multiproxy anal y sis of li thol ogy, plant tis sues, pol len and non-pol len
palynomorphs and geo chem is try, to gether nu mer ous ra dio car bon dates and dendrochronological anal y sis of subfossil
wood, in di cates flood-de rived clastic sed i ment in put to the peatland at ~8.2 ka BP, at 6.8–5.3 ka BP, to lesser ex tent af ter 4.2
ka and ~2.8 ka BP, and since 1.522 ka BP. A sed i men tary hi a tus was prob a bly re lated to the strong cool ing and dry ing of the
cli mate at ~4.2 ka, which caused a break in peat sed i men ta tion. The old est sin gle pine tree trunks dated by 14C at
10,198–9757 and 9426–9128 cal yrs BP grew as pine for est on the Bia³a Nida floodplain be fore the be gin ning of ac cu mu la -
tion of the Mosty peatland de pos its. A youn ger, sin gle subfossil tree trunk (2964–2632 cal BP) grew in bog pine wood land on
the peatland (above the hi a tus) and fell dur ing cli mate de te ri o ra tion at ~2.8 ka. On the ba sis of the wig gle match ing method,
two bog pine float ing chro nol o gies were de vel oped for the pe ri ods 1360–1187 (mod elled age cal BP) and 1158–976 (mod.
cal BP). The pine dy ing-off phase co in cided with a sig nif i cant in crease in cli mate hu mid ity in the 5th and 6th cen tu ries AD,
which in cluded sev eral fluc tu a tions. The pine float ing chro nol o gies in di cate the oc cur rence of al ter nat ing ger mi na tion and
dy ing-off tree phases. The be gin ning of col o ni za tion of the peatland by bog pines oc curred dur ing cli ma tic dry ing, whereas
the tree dy ing-off phases (de for es ta tion) in peatlands took place dur ing the cli mate hu mid ity growth.

Key words: fluviogenic peatland, Ho lo cene palaeohydrology, pine dendrochronology, peat multiproxy anal y sis, south ern
Po land

INTRODUCTION

Within the Eu ro pean peatlands, nu mer ous subfossil trunks,
ex tracted dur ing peat ex ploi ta tion, have been used both to de -
velop chro nol o gies (float ing or ab so lute) and to help re con struct 
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palaeoclimatic (par tic u larly palaeohydrological) changes dur ing 
the Ho lo cene based on peat multiproxy anal y sis. Usu ally, the
tree spe cies stud ied are Scots pine (Pinus sylvestris L.), and
Eng lish oak (Quercus robur), other spe cies be ing less com -
monly used (i.e. Gunnarson et al., 2003; Leuschner et al., 2007; 
Eckstein et al., 2008; Nicolussi et al., 2009; Edvardsson et al.,
2016b, 2022; Árvai et al., 2016; Achterberg et al., 2017, 2018).
To date, re search on subfossil tree trunks has been con ducted
on peatland de pos its in Eng land, Scot land, Ire land, the Neth er -
lands, Ger many, Den mark, Swe den, Fin land, Lith u a nia, re -
gions of the Swiss and Aus trian Alps, and the Ro ma nian
Carpathians (see also Edvardsson et al., 2016b). In Po land,
such stud ies have cov ered 10 peatlands based on subfossil
pine (Pinus sylvestris) and oak (Quercus sp.) trunks ex tracted
dur ing in dus trial peat ex ploi ta tion or dur ing field work (Margie -
lewski et al., 2022a, b, 2024).

Subfossil tree trunks are also fre quent in al lu vial de pos its
(Becker and Shirmer, 1977; Kalicki and Kr¹piec, 1995; Koláø
and Rybnièek, 2011; Carozza et al., 2014). Dendrochrono -
logical anal y sis and dat ing of subfossil trunks of these trees has 
made it pos si ble to doc u ment the for ma tion, evo lu tion and de -
struc tion of ri par ian for est veg e ta tion (Finishinger et al., 2013;
Lézine et al., 2013; Carozza et al., 2014). In Po land, one such
lo cal ity with nu mer ous subfossil tree trunks is the Mosty site, lo -
cated in south ern Po land at the south ern mar gin of the Holy
Cross Mts. (Fig. 1A, B). This is a fluviogenic peatland formed by 
paludification of an aban doned me an der of the Bia³a Nida
River. The pe ri odic flu vial ac tiv ity of the Bia³a Nida River
strongly in flu enced the sed i men tary re cord of this peatland.
Peat de pos its (minerogenic sedge peat) con sti tute the over bur -
den of al lu vial sands ex ca vated com mer cially (Figs. 1E: 2 and
2A, B). Peat is also ex tracted dur ing this ex ploi ta tion and used
for hor ti cul tural pur poses. Nu mer ous subfossil pine stumps ex -
tracted from the de pos its dur ing their ex ploi ta tion have been
sub jected to dendrochronological anal y sis (Figs. 2A, B and 3A,
B), while the peat de pos its have been sub jected to multiproxy
anal y ses: lithological, telmatological (plant tis sue anal y sis),
palyno logical, and Non Pol len Palynomorphs (NPPs) (Figs. 4
and 5), as well as geo chem i cal (Fig. 6). Ra dio car bon dat ing of
subfossil wood and peatland de pos its was also per formed
(Figs. 2–4). This pa per con trib utes to the re con struc tion of Ho -
lo cene cli mate changes based on the anal y sis of de pos its from
a fluviogenic peatland af fected by pe ri odic river ac tiv ity and
there fore prone to palaeohydrological fluc tu a tions (Margie le -
wski, 2022a). The main re search ques tion was there fore to de -
ter mine the im pact of flu vial ac tiv ity on the re cord of palaeo -
environmental changes within this peatland. Our study uti lized
dendrochronological anal y ses of subfossil tree trunks bur ied in
sed i ments, key is sues be ing de ter mi na tion of the or i gin of the
wood (ri par ian for est, drift wood, or bog pines) and re con struc -
tion of the Ho lo cene palaeohydrological (palaeo environ mental)
vari abil ity re cord in ferred from the peat stra tig ra phy and sub -
fossil tree trunk dendrochronology.

STUDY AREA

The Mosty peatland (GPS: N50o46,516’; E20o24,490’;
200 m a.s.l.) is lo cated in south ern Po land, at the south ern
mar gin of the Holy Cross Mts. (Fig. 1A). It was formed within
the Bia³a Nida River val ley (Nida Ba sin), on the Jêdrzejów Pla -
teau: the west ern, Ce no zoic mar gin of the Kielce Up land (the
SW mar gin of the Holy Cross Mts., Przedborsko-Ma³ogoskie
Range), and the west ern part of the Niecka Nidziañska De -

pres sion (ac cord ing to Kondracki, 2000; see Kalicki and
Biesaga, 2024; Fig. 1B, C).

The Nida River val ley lies south of the Pa leo zoic core of the
Holy Cross Mts. (Kowalski, 2002). From Chojna and ¯erniki
(Bia³a Nida River: see Fig. 1B and C) to BrzeŸno (Nida River, af -
ter the con flu ence of the Bia³a and Czarna Nida), the Nida Val -
ley was formed within the Me so zoic mar gin of the Holy Cross
Mts., com posed here of Up per Ju ras sic rocks, mainly lime -
stones, some with flints (Hakenberg, 1974; Kowalski, 2002).
Be low the con flu ence of the Bia³a and the Czarna Nida rivers
(out side the study area – see Fig. 1B), the Nida River val ley tra -
verses Cre ta ceous rocks of the Nida Ba sin (marls and lime -
stones). In the study area, the bed rock of the Nida Ba sin is com -
posed of Ju ras sic rocks form ing a syncline, over lain by the Cre -
ta ceous strata noted above (Hakenberg, 1978), and in the lower 
course of the river (out side the study area) by Mio cene de pos its
(lime stones, sands, clays and gyp sum). Qua ter nary de pos its
dom i nate the study area, their thick ness rang ing from a few to a
ten or so metres (Hakenberg and Lindner, 1971). Dur ing the
Pleis to cene glaciations, the Nida Ba sin area was cov ered by ice 
sheets on sev eral oc ca sions (Lindner, 1978, 1982). As a re sult
of their ac tiv ity, flu vio gla cial sed i ments (sands and grav els) and
mo raine clays were de pos ited, which to day form a dis con tin u -
ous sed i men tary cover (Hakenberg, 1974; Rutkowski, 1986).
The con tem po rary river val ley floor forms a multi-stage
floodplain with rel a tive heights of up to 3 m (Fig. 1C, D). Nu mer -
ous ox bow lakes of the Bia³a and Czarna Nida rivers, re lated to
flu vial ac tiv ity with vary ing de grees of chan nel de vel op ment, are 
pre served on its sur face (Fig. 1C, E; Krupa, 2013). In the
interfluve of the Bia³a and Czarna Nida rivers, flu vial sands were 
re worked into ae olian dunes in the Youn ger Dryas Stadial
(Krupa, 2013; Kalicki and Biesaga, 2024).

The study area gen er ally com prises up land re lief, while the
Bia³a Nida val ley sep a rates two ar eas of dif fer ent mor phol ogy.
The area to the north of the river val ley is char ac ter ized by small 
height dif fer ences and mo not o nous to pog ra phy, while the
south ern part has di verse to pog ra phy (up lands, hum mocks,
me sas, sills, plains and de nu da tion bas ins, river ter races), re -
flect ing greater lithological vari abil ity and rock weath er ing re sis -
tance (see Fig. 1C, D; Gilewska, 1972).

The av er age an nual rain fall in the area be tween the Bia³a
and Czarna Nida rivers is 650 mm, with the heavi est rain fall oc -
cur ring in sum mer (Suligowski et al., 2009).

For est cover in the Bia³a and Czarna Nida river bas ins does
not ex ceed 25% (Krupa, 2013). The dom i nant veg e ta tion types
are sub con ti nen tal oak-horn beam for ests and con ti nen tal
mixed pine-oak for ests. In the interfluve sec tion of the Czarna
and Bia³a Nida, ri par ian ash-elm for est oc curs. Small ar eas are
also oc cu pied by sparse oak for est and fir for est (Matuszkiewicz 
et al., 1995). In the estuarine sec tion of the Bia³a and Czarna
Nida, aquatic, reed, and peatland veg e ta tion com mu ni ties oc -
cur, as so ci ated with peatlands (of minerogenic type) de vel oped
within the river val leys (Matuszkiewicz et al., 1995). Meadow
com mu ni ties oc cupy sig nif i cant ar eas on the floodplain and low
ter races (Krupa, 2013).

The Mosty peatland was formed on the outwash sand plains 
of the Odranian (Saalian) gla ci ation, within which the Nida River 
val ley was formed. Later, the sands were re worked by the river
in the Vistulian (Hakenberg, 1974; Kalicki and Biesaga, 2024).
As al ready noted, the peatland is fluviogenic, formed by paludi -
fication of one of the aban doned me an ders of the Bia³a Nida
River, at its con flu ence with the Czarna Nida River (Fig. 1C, E).
The peat de pos its, re corded as ~1.54 m thick, con sti tute the
over bur den of the sandy flu vial de pos its of the Bia³a Nida River,
which are ex ploited com mer cially by the Or ganic Fer til izer Pro -
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Fig. 1. Lo ca tion of the Mosty site

A – in Eu rope and Po land; B – po si tion in the Nida River catch ment (red cir cles in di cate sites men tioned in the text: site num bers:
sites with subfossil trees shown in Fig. 7A); C – Shut tle Ra dar To pog ra phy Mis sion (SRTM) im age of the interfluve re gion be tween
the Bia³a Nida and Czarna Nida rivers, with lo ca tion of exploitated ar eas and core site, sites 1–7 are men tioned in the text; D – LiDAR
DTM of the interfluve area of the Bia³a and Czarna Nida rivers, with lo ca tion of ex ploited ar eas and core site; E – Bia³a Nida floodplain
(1), and ex ploi ta tion scarp (2). Pho tos by W. Margielewski
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Fig. 2A, B – sin gle subfossil pine tree trunks (in situ po si tion), ex posed and sam pled di rectly in an ex ploi ta tion scarp. 1 – fallen
subfossil tree trunk (M1) and its butt end (M2) still rooted in bed rock; 2 – cross-sec tion of the stem, 3 – av er aged dendro -
chronological curve of a fallen tree trunk and its butt part (red col our – sam ple used for 14C dat ing); B – fallen subfossil pine tree
trunk (1 – M3), with cross-sec tion (2) and its dendrochronological curve (3); C – subfossil pine tree trunk, ex ca vated dur ing ex ploi -
ta tion (1), and its cross-sec tion (2), its dendrochronologcal curve show ing ex tremely thin tree rings. In this case, wood from the 5
first tree rings was dated (marked in red). Dendrochronological anal y sis by M. Kr¹piec and E. Szychowska-Kr¹piec. Pho tos by
W. Margielewski



duc tion and Sand Min ing Plant (Z.W.P. Mosty) in Chêciny
(Figs. 1E: 2 and 3C). Within the peat, nu mer ous subfossil tree
trunks (in clud ing Scots pines Pinus sylvestris L.) are pres ent
(Fig. 2A, B), some hav ing been ex ca vated dur ing min ing (Figs.
2C and 3C–E).

MATERIALS AND METHODS

FIELDWORK AND SAMPLING:
TREE TRUNKS AND DEPOSITS

Wood sam ples for dendrochronological anal y sis (trunk
slices ~5 cm thick) were taken from the subfossil trunks us ing a
gas-en gine chain saw Stihl (Figs. 2 and 3E). In to tal, 29 sam ples 
of wood of var i ous spe cies, in clud ing Scots pine (Pinus sylve -
stris L.) were col lected. Wood sam ples were col lected di rectly
from ex ploi ta tion scarps (Figs. 1E: 2, and 2A, B), as well as from 
stems oc cur ring (ex situ) on a heap of ex ca vated ma te rial lo -
cated near the “ZWP Mosty” ex ploi ta tion fac tory (Figs. 2C and
3C–E). The subfossil pine trees showed var i ous trunk di am e -
ters, from 10 cm up to a max i mum of 30 cm (Figs. 2 and 3E).
Due to the state of pres er va tion of the wood and its spe cies di -
ver sity (in clud ing the gen era Salix, Betula and Pinus), only
well-pre served pine wood could be used for dendrochrono -
logical anal y sis: in to tal, 11 tree trunks were used to de velop the 
float ing chro nol ogy, all taken from the ex ca vated heap (Fig.
3D–E). In di vid ual tree trunks were also dated dur ing this study
(Fig. 2). Among the pine trunks oc cur ring in situ, di rectly within
the ex ploi ta tion scarps (see e.g., Fig. 2A, B), some rested di -
rectly on the sand un der ly ing the peat (Figs. 2A: 2 and 3B: 1).
One of the trees was still rooted in the sandy sub strate: its butt
end (Fig. 2A: M2) and fallen trunk (Fig. 2A: M1, 3) were pre -
served. Nu mer ous de cid u ous tree taxa (mainly Salix, less fre -
quently Alnus) also oc curred here, these be ing un suit able for
chro nol ogy. Fur ther more, the poor state of pres er va tion of the
wood from some of the trunks pre vented dendrochronological
anal y sis. Al though the age of three pine trunks was ra dio car bon 
dated and sub jected to dendrochronological anal y sis, this did
not pro vide a ba sis for com pil ing an other chro nol ogy (Fig. 2).

Drill ing and core col lec tion from the peatland de pos its was
car ried out us ing a Rus sian sam pler (INSTORF bit with di am e -
ters of 7 and 10 cm), di rectly in the area marked for ex ploi ta tion,
though in an area not yet dis turbed (Figs. 1C, E and 3A). Sam -
ples of or ganic de pos its were taken from the core at in ter vals of
2.5 and 5 cm and pre pared for the fol low ing anal y ses: litho -
logical (with loss on ig ni tion), telmatological (plant tis sue anal y -
sis), pol len and non-pol len palynomorphs (NPPs), and geo -
chem i cal anal y sis. Many ra dio car bon (14C) dates: LSC (Liq uid
Scin til la tion Count ing), as well as AMS (Ac cel er a tor Mass
Spec trom e try) were ob tained from the peatland de posit se -
quence (Ta ble 1). The sands un der ly ing the peats were dated
us ing the OSL method (Fig. 4A). Dates of subfossil wood (tree
ring wood) were used for con struc tion of float ing chro nol o gies
(Fig. 3A, B and Ta ble 1).

DENDROCHRONOLOGY
 (FLOATING CHRONOLOGIES)

Tree ring widths were mea sured (to an ac cu racy of 0.01
mm) in the Lab o ra tory of Dendrochronology of AGH Uni ver sity
of Krakow us ing Dendrolab 1.0 equip ment (Zielski and Kr¹piec,
2004). The dendrochronological se quences were ana lysed us -

ing TREE-RINGS and TSAP soft ware (Krawczyk and Kr¹piec,
1995; Rinn, 2005).

The crossdates of wood sam ples were sta tis ti cally val i -
dated, us ing the ‘Gl co ef fi cient’ (Gleichläufigkeit; Eckstein and
Bauch, 1969), and t-co ef fi cient (Baillie and Pilcher, 1973). The
ac cu racy of the mea sure ments and the qual ity of the cross-dat -
ing were ver i fied by COFECHA soft ware (Holmes, 1999). The
bog pine float ing chro nol o gies were con structed on the ba sis of
rel a tive age of wood, and by the wig gle-match ing method us ing
the OxCal (v. 4.4.3) com puter pro gram (Bronk Ramsey, 2009;
Fig. 3A, B and Ta ble 1).

DATES

Ra dio car bon (14C) con ventional dates of or ganic ma te rial
(peat, wood de tri tus) were pre pared in the Lab o ra tory of Ab so -
lute Dat ing in Krakow, Po land, us ing the LSC (liq uid scin til la tion
count ing) method, ac cord ing to the Kr¹piec and Walanus
(2011) pro ce dure. Sam ples were chem i cally pre pared us ing the 
acid-al kali-acid method (AAA), and the stan dard pro ce dure of
syn the sis of ben zene from car bon ized sam ples (Skripkin and
Kovalyukh, 1998).

A to tal of 7 14C dates of or ganic de pos its (peat, wood de tri -
tus) and 7 dates of subfossil wood (se lected tree ring se -
quences) were ob tained (Figs. 2A, B, 3A, B, 4A and Ta ble 1).
They were used to date the float ing chro nol o gies of pines based 
on dendrochronological anal y sis and wig gle match ing (Ta ble
1). Ra dio car bon dates were cal i brated us ing the OxCal com -
puter pro gram v. 4.4.3 (Bronk Ramsey, 2009, 2017) on the ba -
sis of the IntCal20 ra dio car bon cal i bra tion dataset (Reimer et
al., 2020). Af ter cal i bra tion, the dates were given as cal yrs. BP
ages (with 95.4% prob a bil ity; Ta ble 1).

An ab so lute chro nol ogy for the sed i men tary se quence was
de ter mined based on 7 LSC ra dio car bon dates (Ta ble 1). The
age-depth model was cal cu lated us ing the P_se quence func -
tion of OxCal 4.4.3 soft ware with the fol low ing pa ram e ters: k0=
0.95, log10(k/k0) = U(-1,1) and in ter po la tion = 0.5 cm (Fig. 4B;
Bronk Ramsey, 2009). The IntCal 20 at mo spheric curve was
used for cal i bra tion of dates (Reimer et al., 2020). A ma jor
lithological change, re flect ing the tran si tion be tween sedge peat 
and or ganic silt (re corded at 60 cm) was in tro duced to the
age-depth model us ing Bound ary com mand (Bronk Ramsey,
2009). The age for the sed i men tary se quence is re ported as the 
mean (µ) value de rived from the age-depth model, with as so ci -
ated un cer tainty ex pressed as ±1s, in mod elled cal i brated
years be fore pres ent (mod. cal BP). The sed i men tary ac cu mu -
la tion rate (AR) was cal cu lated based on the age-depth model
(mm yr–1) (Fig. 4B).

Dat ing of the sands be neath the peat was car ried out us ing
the OSL method in the lab o ra tory of the Jan Kochanowski Uni -
ver sity in Kielce.

LITHOLOGICAL AND PLANT TISSUE 
ANALYSES

Loss on ig ni tion (LOI) anal y ses were pre pared for each
2.5 cm in ter val of the lithological se quence (Fig. 4A, C). Each
sam ple was dried and sub jected to ig ni tion in a muf fle fur nace at
550°C for 4 hours (Heiri et al., 2001). On the ba sis of LOI anal y sis 
of 56 sam ples, a loss on ig ni tion curve was pro duced in depth in -
ter val (Fig. 4A) as well as in time in ter val (Fig. 4C) con text: the
sec ond us ing Tilia Graph soft ware (Grimm, 1987, 1991).
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Fig. 3A, B – pine (Pinus sylvestris) float ing chro nol o gies of subfossil trees ex ca vated in the Mosty peatland (A1 and B1) on the ba -
sis of dendrochronological anal y sis and wig gle match ing, with av er aged dendrochronological curves for each chro nol ogy (A2 and 
B2) (anal y sis by M. Kr¹piec and E. Szychowska-Kr¹piec); C – post-ex ploi ta tion heap of ex ca vated sand, with subfossil tree trunks
(D and E). Pho tos by W. Margielewski
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Fig. 4. Sed i men tary se quence of the Mosty peatland

A – loss on ig ni tion curve of the de pos its (shown on a depth scale), with ra dio car bon dates and the mod elled age scale (on the left); photo of
log made us ing the Instorf drill-bit (on the right), and fac tor (in di ca tor, de gree) of peat de com po si tion (R – con structed by A, Obidowicz); B –
age-depth model (con structed by K. Buczek), with ac cu mu la tion rate of de pos its [in mm yr–1]; C – loss on ig ni tion of de pos its shown on an
age scale; D – photo of sed i men tary se quence of the Mosty peatland. Time-range of float ing chro nol o gies and po si tion of dated tree trunks
are shown in green. Pho tos by W. Margielewski
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The or ganic de pos its were char ac ter ized on the ba sis of mi -
cro scopic plant tis sue anal y sis us ing a light mi cro scope (Fig. 4A 
and Ta ble 2). The peat type was iden ti fied ac cord ing to the
To³pa et al. (1971) clas si fi ca tion. The de gree of peat de com po -
si tion (R) was also de ter mined (Fig. 4A).

POLLEN ANALYSIS

1 cm3 sam ples were pre pared fol low ing the stan dard pro ce -
dure de scribed by Berglund and Ralska-Jasiewiczowa (1986).
From each 10 cm in ter val, 16 sam ples were se lected for pol len
anal y sis. Counts were car ried out un der an Olym pus BX43 light 
mi cro scope at 600× mag ni fi ca tion, with a min i mum of 500 ter -
res trial pol len grains iden ti fied per sam ple. Per cent ages were
cal cu lated based on the sum of ar bo real pol len (AP: trees and
shrubs) and non-ar bo real pol len (NAP: her ba ceous and dwarf
plants). Pol len di a grams were pro duced in R Stu dio (Posit
team, 2025) us ing the riojaPlot pack age (Jug gins, 2022). Lo cal

Pol len As sem blage Zones (LAPZ) were de fined us ing CONISS
clus ter anal y sis (Grimm, 1987; Fig. 5).

Among the non-pol len palynomorphs (NPPs) only Gelasi -
no spora was pos si ble to de ter mine.

GEOCHEMISTRY

30 sam ples, taken ev ery 5 cm, were ana lysed geo chemi -
cally. Sam ples were pre pared ac cord ing to the stan dard pro -
ce dure (Pansu and Gautheyrou, 2006). The to tal con tent of
macro-el e ments (Ca, Mg, Na, K, Fe) and trace el e ments (Mn,
Cu, Zn, Ni, Pb) were mea sured us ing Atomic Ab sorp tion Spec -
trom e try (AAS) with Thermo Sci en tific iCE 3500 ap pa ra tus.
Based on con tent of macro- and mi cro-el e ments, sev eral geo -
chem i cal en vi ron men tal in di ca tors were cal cu lated: Na/K,
Ca/Mg, Na+K+Mg/Ca, Cu/Zn, Fe/Mn, Fe/Ca, and shown on a
di a gram us ing Tilia graph soft ware (Grimm, 1991; Fig. 6).
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T a  b l e  1

Ra dio car bon dates of peat and tree trunk wood (the last one for wig gle match ing),
 as well as an OSL date of sand in the Mosty peatland

 Depth
 [cm] Ma te rial  Lab. code  Age 14C

[yrs BP]
Cal en dar age 2s

[cal. yrs BP]

17.5–20.0 peat MKL-6997 490 ±50

634–590 (10.3%)

563–456 (84.6%)

348–341 (0.6%)

30.0–32.5 peat MKL-4738 1940 ±50
1990–1958 (6.9%)

1950–1736 (88.5%)

47.5–50.0 peat MKL-6998 4690 ±60

5894–5806 (16.7%)

5792–5787 (0.4%)

5767–5588 (78.4)

65.0–67.5 peat MKL-4737 6540 ±80
7575–7307 (94.3%); 

7295–7282 (1.2%)

95.0–97.5 peat MKL-4736 7260 ±90

8319–8245 (5.9%)

8218–7931 (88.7%)

7891–7875 (1%) 

110.0–112.5 peat MKL-4735 7640 ±100

8635–8616 (1%)

8605–8280 (88.9%)

8269–8195 (5.7%)

140.0–145 peat MKL-4044 8450 ±70
9543–9395 (78.7%)

9387–9296 (16.7%)

110
quartz grains

OSL Date 
UJK-OSL-101 22.9 ±3.4 ka –

Wood dated for wig gle match ing

2MOST21AW pine wood MKL-4195 1200 ±30

1244–1214 (5%)

1179–1057 (88.3)

1022–1006 (2.1%)

2MOST25B z30 pine wood MKL-5900 1370 ±50 1360–1176

2MOST27, w30 pine wood MKL-5901 1440 ±35 1380–1295

2MOST21B, z20 pine wood MKL-5902 1110 ±35

1176–1166 (1.5%)

1114–1109 (0.5%)

1073–930 (93.5%)

2MOST21B, w25 pine wood MKL-4195 1200 ±30

1244–1214 (5%)

1179–1057 (88.3%)

1022–1006 (2.1%)

Sin gle tree trunks

M1, 6 last tree rings pine wood MKL-7158 8890 ±60 10,198–9757

M3, 5 last tree rings pine wood MKL-7159 8280 ±40 9426–9128

M30, first 5 tree rings pine wood MKL-7173 2785 ±35 2964–2782

https://github.com/nsj3/riojaPlot
https://doi.org/10.1177/0959683608089211


Af ter dry ing the sam ples in a lab o ra tory dryer, they were
burned in a muf fle fur nace at 600°C (6 h), and pro cessed us ing
a PreeKem M6 mineralizer. For each min er al ized sam ple, the
con cen tra tions of el e ments (Ca, Mg, K, Na, Fe, Mn, Ni, Cu, Zn,
Pb) were de ter mined by in duc tively cou pled plasma mass
spec trom e try us ing an Agilent 8900 Tri ple Quadrupole ICP-MS
tan dem mass spec trom e ter (Mass spec trom e try branch, In sti -
tute of Nu clear Phys ics, Pol ish Acad emy of Sci ences, Krakow).
Mass in ter fer ence was re duced by us ing an interquadrupole
col li sion-re ac tion cell.

RESULTS

DENDROCHRONOLOGY

SINGLE TREE TRUNKS

The pine trunk ages de ter mined by 14C ra dio car bon dat ing
in di cates that they en tered the sed i men tary re cord at dif fer ent
times. Dendrochronological anal y sis was per formed on the butt
of the old est ra dio car bon-dated pine tree, still rooted in the
sandy sub strate be neath the peat (Fig. 2A: 1 – tree trunk: M2).
It was re vealed as part of a tree trunk root (~30 cm in di am e ter)
ly ing nearby (and ex posed dur ing ex ca va tion), over lain by or -
ganic de pos its (Fig. 2A: 1 – tree trunk: M1). Tree ring width
mea sure ments al lowed the de vel op ment of a dendrochrono -

logical curve, av er aged for the trunk and its butt sec tion (Fig.
2A: 3). The trunk has 44 tree rings, mostly wide (Fig. 2A: 2). Ra -
dio car bon dat ing of wood taken from the outer five tree rings of
the trunk con strained the date when the pine trunk to
~10,198–9757 cal BP (Fig. 2A: 2, 3).

A sec ond pine tree trunk, also found in situ in the low er most
parts of the peat de pos its, at the bound ary be tween the peat
and the un der ly ing sand, is ~35 cm in di am e ter (Fig. 2B: 1, 2).
Sixty-five tree rings were mea sured here, and the wood has
wide tree rings (Fig. 2B: 3). Wood from the last six tree rings
was ra dio car bon dated to 9426–9128 cal BP (Fig. 2B: 2, 3).

An other dated pine tree trunk was ex ca vated dur ing ex ploi -
ta tion and placed on a spoil heap (Figs. 2C: 1 and 3C). The 10
cm di am e ter stump showed as many as 152 an nual rings,
which were re mark ably nar row (Fig. 2C: 2, 3). Wood from the
first 5 an nual rings was ra dio car bon dated to 2964–2782 cal yrs
BP (Fig. 2C: 2).

FLOATING CHRONOLOGIES

Based on dendrochronological anal y sis and wig gle match -
ing, two float ing chro nol o gies of pine (Pinus sylvestris) were de -
vel oped for the Mosty site (Fig. 3A, B). Their time range is
1360-1187 ±27 mod. cal BP (chro nol ogy: 2MOST_A2: 182
years) and 1159–977 ±50 mod. cal BP (chro nol ogy:
2MOST_A1 with a length of 172 years) (Fig. 3A, B). De spite the
over lap ping bound aries of both float ing chro nol o gies
(1214–1160 mod. cal BP for chro nol ogy 2MOST_A2 and
1209–1108 mod. cal BP for 2MOSTA-1 – see Fig. 3A), it was
not pos si ble to com bine both chro nol o gies into one. This is
prob a bly re lated to the cur rent lack of subfossil tree trunks,
anal y sis of which could al low com bin ing both chro nol o gies. Av -
er aged dendrochronological curves for both chro nol o gies in di -
cate pe ri odic, lon ger re duc tions in tree ring widths in the years
ca: 1320–1298, 1268–1258; 1224–1210 cal BP and (for the
youn ger chro nol ogy): 1128–1118; 1064–103; 994–982 cal BP
(Fig. 3A: 2, B: 2). More fre quent are short-term re duc tions in
growth (last ing 4–8 years), which may in di cate brief de te ri o ra -
tions of eco log i cal con di tions in the hab i tats of these trees (Fig.
3A: 1, B: 1).

AGE-DEPTH MODEL AND SEDIMENTARY
 RATE

The age-depth model con structed shows a high agree ment
in dex (Amodel: 82%), in di cat ing that the chro nol ogy is re li able
(Fig. 4B; Bronk Ramsey, 2009, 2017). The mod elled age de vel -
oped based on the age-depth model for each 0.5 cm in ter val of
the pro file have been shown as mod. cal BP.

Ac cord ing to the model, the sed i men tary ac cu mu la tion rate
var ied from 0.05 to 0.42 mm yr–1 (0.24 mm yr–1 on av er age).
Max i mum AR val ues (3.2–4.2 mm yr–1) oc curred dur ing the de -
po si tion of sedge peat, while min i mum AR val ues
(0.05–0.06 mm yr–1) cor re sponded to the ac cu mu la tion of or -
ganic muds and strongly de com posed peats.

SEDIMENTARY SEQUENCE

Drill ing with the INSTORF bit reached a depth of 167 cm,
pen e trat ing the sands un der ly ing the or ganic de pos its (Fig. 4A,
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T a  b l e  2

Bo tan i cal com po si tion, peat type and peat de com po si tion
 in di ca tor (R) of the Mosty peatland

In ter val
[cm]

    Peat bo tan i cal com po si tion
(based on tis sues anal y sis) Peat type  R 

[%]

5–10 Peat strongly de com posed; 
un rec og niz able macroremains

Magnocaricioni

(sedge peat)
>65

30–35 Peat strongly de com posed; 
un rec og niz able macroremains

Magnocaricioni

(sedge peat)
>65

65–70

Carex gracilis, 

C. pseudocyperus, 

Carex sp., 

Musci indet.

Magnocaricioni

(sedge peat)
60

90–95

Carex rostrata, 

Carex riparia, 

Carex pseudocyperus 

Carex sp.

Musci indet.

Magnocaricioni

(sedge peat)
60

105–110

Carex riparia, 

Carex rostrata,

Carex pseudocyperus, 

Phragmites aus tra lis

Drepanocladus vernicosus

Magnocaricioni

(sedge peat)
25

120–125

 Dryopteris thelypteris, 

Carex pseudocyperus,

Carex riparia, 

Carex rostrata

Magnocaricioni

(sedge peat)
50

135–140

Carex pseudocyperus,

Carex rostrata, 

Carex gracilis

Magnocaricioni

(sedge peat)
50

Peat type ac cord ing to the To³pa et al. (1971) clas si fi ca tion; anal y sis 
by A. Obidowicz

https://doi.org/10.1017/RDC.2017.108
https://doi.org/10.2458/azu_js_rc.51.3494


D). These sands have been OSL dated to 22.9 ±3.4 ka BP
(UJK-OSL-101) (Fig. 4A).

The be gin ning of ac cu mu la tion of highly con tam i nated
peat (60% loss on ig ni tion) at a depth of 154 cm was dated to
9258 ±130 mod. cal BP. The in crease in or ganic con tent (90%
loss on ig ni tion) and ac cu mu la tion of un con tam i nated peat at
a depth of 140 cm was dated to 9393 ±100 mod. cal BP (Fig.
4A, D). The or ganic de pos its are dom i nated by sedge peat
(ge nus: Magnocaricioni, ac cord ing to To³pa et al., 1971). In
the 154–120 cm in ter val this is formed by sedges: tis sues of
Carex rostrata, C. gracilis, C. riparia, C. pseudocyperus, and
the fern Dryo pteris thelypteris, were iden ti fied; the de gree of
de com po si tion was 50%, and loss on ig ni tion reached 90%
(Fig. 4D and Ta ble 2). The peat ac cu mu la tion rate here is 0.35
mm yr–1 (Fig. 3B). In the 120–110 cm in ter val, the sedge peat
is less de com posed (R = 25%, loss on ig ni tion: 90%), and the
sedges are ac com pa nied by Phragmites aus tra lis and
Drepanocladus vernicosus moss. To wards the top of the pro -
file, the de gree of de com po si tion of the sedge peat (formed
here ex clu sively from sedges) in creases to 60% (105–65 cm;
LOI: 80%). In the 110–105 cm in ter val, the loss on ig ni tion
curve shows a de crease in loss on ig ni tion from 90 to 45%.
This ep i sode was dated to 8459–8200 ±74 mod. cal BP (Fig.
4A, C). On the pro file shown on a time scale, the de crease in
loss on ig ni tion ap pears to be very short-lived (Fig. 4C). The
sec ond de crease in loss on ig ni tion val ues, vis i ble on the LOI
curve in the 60–52 cm in ter val, is lon ger. This ep i sode was
dated to 7348–6283 ±120 mod. cal BP (Fig. 4A, C). In the
high est parts of the sed i men tary pro file (35–0.0 cm), the peat
is al ready highly de com posed (humified) (R >65%) and min er -
al ised, and plant tis sues are un de tect able. The sed i ment ac -
cu mu la tion rate de creases here to 0.05 mm yr–1(Fig. 4A, B).
From a depth of 25 cm, a steady de crease in loss on ig ni tion to 
35% is vis i ble, while the peat ac cu mu la tion rate in creases to
0.3 mm yr–1 (Fig. 4B). The on set of this pro cess has been
dated to 1522 ±140 mod. cal BP and has con tin ued to the
pres ent day (Fig. 4A, C). Its on set also co in cides with the tem -
po ral range of the pine chro nol o gies (Fig. 4A, C).

VEGETATION HISTORY 

The Mosty pol len re cord spans most of the Ho lo cene and
was di vided into five dis tinct LPAZ, with one in ter val lack ing pol -
len, as iden ti fied in the se quence (Fig. 5).

Dur ing the ear li est phase (LPAZ MO-1, be fore 9524–8468
cal BP), the re cord in di cates a clear dom i nance of Pinus.
Picea also played a role more sub stan tial than that of a
short-lived in cur sion in the lo cal veg e ta tion, while tem per ate
de cid u ous taxa, in clud ing ri par ian spe cies, were rare. The in -
crease in Poaceae pol len at the end of the zone sug gests lo cal 
for est con trac tion. The pres ence of Filicales monolete spores
and Cyperaceae pol len might sug gest the ex pan sion of sedge
fen. A sam ple at 105 cm depth con tains no pol len, likely re -
flect ing sed i men tary con di tions un fa vour able for palynomorph 
pres er va tion ~8468–8201 cal BP (Fig. 5).

In the sub se quent phase (LPAZ MO-2, 8201–7718.5 cal
BP), Pinus de clined syn chro nously with an ex pan sion of Picea
and Alnus. Other tem per ate taxa re mained of mi nor im por -
tance. In this zone, Gelasionsopora spores were ob served
(Fig. 5).

In LPAZ MO-3 (7718.5–6872.5 cal BP), Pinus re gained
dom i nance, while Alnus dis ap peared com pletely from the re -
cord. This phase also re cords the max i mum ex pan sion of

Corylus, which played a prom i nent role in the for est veg e ta tion
at this time.

The veg e ta tion of LPAZ MO-4 (6872.5–3647.5 cal BP) is
char ac ter ized by mod er ate changes. Pinus re mained dom i -
nant, but both Picea and Alnus re gained im por tance, though
less than in ear lier phases.

The fi nal zone (LPAZ MO-5, 3647.5 cal BP) re flects the veg -
e ta tion dy nam ics of the Subboreal and Subatlantic pe ri ods.
Pinus con tin ued to dom i nate, while Fagus and Abies ap peared
in the re cord but re mained scarce. In creases in non-Ar bo real
pol len, par tic u larly Poaceae, Amaranthaceae and Ar te mi sia, in -
di cate for est con trac tions, most likely driven by hu man ac tiv ity.
No other strong in di ca tors of anthropogenic im pact are pres ent
(Fig. 5).

Over all, the Mosty pol len se quence rep re sents an un usu ally 
well-pre served re cord dom i nated by Pinus. A strik ing fea ture is
the in ter mit tent rep re sen ta tion of taxa such as Alnus, Betula,
Corylus, and Quercus, as well as the underrepresenta tion of ri -
par ian taxa. The com plete ab sence of Fraxinus pol len is par tic -
u larly un usual given the site’s lo ca tion in a river val ley.

GEOCHEMICAL INDICATORS

Based on vari a tions in or ganic mat ter con tent (LOI) and the
con cen tra tions of macro- and trace el e ments, four main geo -
chem i cal zones were de ter mined: GZ I–IV (Fig. 6).

The first geo chem i cal zone (G 1; 150–110 cm; be fore
~9520 to ~8460 mod. cal BP), co in cid ing with the tran si tion be -
tween coarse sands and sedge peat, is di vided into two sub -
zones: G 1A and B. The older stage (G1 A, be fore 9390 mod.
cal BP), as so ci ated with the de po si tion of coarse sands with a
grad u ally in creas ing con tent of or ganic mat ter (LOI: 0.9–25%),
is char ac ter ized by el e vated con cen tra tions of K (0.68–1.27
mg/g) and Mg (0.85–1.31 mg/g). El e vated val ues of the ba sin
ero sion ra tio (Na+K+Mg/Ca) were ac com pa nied by val ues,
lower than the pro file av er age, of the Fe/Mn ra tio, in di cat ing the
dom i nance of ox i diz ing con di tions. The up per part of this zone
(G1 B; 9390–8460 mod. cal BP) is as so ci ated with ac cu mu la -
tion of sedge peat. Dur ing this stage of peatland de vel op ment,
the con tent of or ganic mat ter in creases dis tinctly (from 45.8 to
90.3%) as does the con cen tra tion of cal cium (1.6–24.4 mg/g)
and some trace el e ments: Ni (from 0.51 to 14.6 µg/g) and Cu
(from 3.2 to 13.8 µg/g). De creas ing re dox con di tions, re flected
in the high est Fe/Mn ra tios within the en tire sed i men tary se -
quence (108–131) and ac com pa nied by a de clin ing con tent of
lithophile el e ments (Na, Mg, K), in di cate a rise in the ground wa -
ter level in the peatland, with out ev i dence for the de po si tion of
river-de rived allochthonous clastic ma te rial (Fig. 6).

The on set of the next geo chem i cal zone (G 2; 110–60 cm;
~8460–7200 cal BP) is marked by the de po si tion of a thin layer
(<10 cm) of silty peat (LOI: 75.5–50.9%). El e vated val ues of in -
di ca tors as so ci ated with me chan i cal ero sion (Na+K+Mg/Ca,
Fe/Ca), to gether with a sub stan tial in crease in trace el e ments
such as Zn and Pb (up to 68.5 and 52.4 µg/g, re spec tively), can
be in ter preted as re flect ing the de po si tion of overbank sed i -
ments dur ing flood events of the Bia³a Nida River. Af ter ~8150
cal BP an in creas ing con tent of or ganic mat ter de lin eates the
be gin ning of the sub-zone G2 B (Fig. 6). In this stage, the con -
cen tra tions of most macroelements (Ca, Mg, Fe, K) re turned to
lev els com pa ra ble to those ob served prior to the clastic in flux
(Fig. 6). In con trast, the mean so dium con cen tra tion was ap -
prox i mately three times higher (µ = 0.58 mg/g) com pared to the
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pre ced ing sedge peat ho ri zon (µ = 0.18 mg/g), re sult ing in a
sig nif i cant in crease in the Na/K ra tio. These geo chem i cal char -
ac ter is tics, to gether with sta ble and ex tremely low val ues of the
ero sion ra tio (µ = 0.11) and over all low Fe/Mn val ues (µ =
118.1), may in di cate a low er ing of the ground wa ter level in the
peatland (Fig. 6B).

The be gin ning of the next geo chem i cal zone (G3; 60–30
cm; ~7200–1770 mod. cal BP) is char ac ter ized by a sig nif i cant
de crease in or ganic mat ter con tent (from 81 to 65%), as so ci -
ated with an other peat ho ri zon en riched in overbank de pos its.
The rapid de crease in the ac cu mu la tion rate (from 0.33 to 0.05
mm yr–1) dur ing the de po si tion of this in ter val may in di cate the
pres ence of a hi a tus or hi a tuses. In creas ing con cen tra tions of
lithophile el e ments, as well as flood-de liv ered trace el e ments
from the Nida River catch ment (Zn, Pb), were re corded ~6283
mod. cal BP (Fig. 6A).

The up per most geo chem i cal zone (GZ IV; 30–0 cm; ~1770
to –79 cal BP) con sists of strongly humified peat (see Figs. 4A
and 6A). The con cen tra tions of el e ments, ex cept for Ca, in -
crease up wards, reach ing their high est val ues in the en tire sed -
i men tary se quence. The dis tinct in crease in trace el e ments
such as Pb and Zn (86.1 and 135.7 µg/g, re spec tively) dur ing
this phase, in con trast to the ear lier flood-re lated peaks of Pb
and Zn, is in ter preted as re sult ing from at mo spheric de po si tion
and their ac cu mu la tion within the zone of wa ter-level fluc tu a tion 
(Damman, 1978).

DISCUSSION

PALAEOENVIRONMENTAL RECORDS 
IN PEATLAND DEPOSITS

Pre vi ous re search in di cates that the sands un der ly ing the
Mosty peatland de pos its were orig i nally flu vio gla cial, re lated to
the dis ap pear ance of the Odranian ice sheet (Saalian) (Haken -
berg, 1974). Later, they were re worked by de nu da tion and flu -
vial pro cesses dur ing the Eemian Inter gla cial and in the Vistu -
lian Gla cial (Hakenberg, 1974; Dzier¿ek et al., 2019). The al lu -
vial floodplains of the Czarna and Bia³a Nida rivers and their
interfluve ar eas are dom i nated by Pleis to cene braided river
sands form ing an al lu vial ter race (Kalicki and Biesaga, 2024).

The OSL date of 22.9 ±3.4 ka BP we ob tained from the
sands di rectly un der ly ing the peat in di cates that the last ex po -
sure of these de pos its took place at the end of the Youn ger
Plenivistulian (Fig. 4A). This ex po sure was un doubt edly re lated
to the re work ing of flu vio gla cial sands by the flu vial ac tiv ity of
the Bia³a Nida and the Czarna Nida rivers in the Up per Pleni -
vistulian, as in di cated by the date (see Krupa, 2013, 2015;
Kalicki and Biesaga, 2024; Fig. 4D). The lu mi nes cence date of
19.18 ±2.88 ka BP (Krupa, 2013), very close to that ob tained by
us, de ter mines the age of the sandy al lu via of the Czarna Nida
River, also in Mosty (Mosty 1, see on Fig. 1C – site 1; Krupa,
2013, 2015).

The on set of sedge peat ac cu mu la tion in the Mosty
peatland (this study), formed by paludification of a cut-off me an -
der, was ra dio car bon dated to ~9543–9196 cal BP (9258 ±130
mod. cal BP; Fig. 4A and Ta ble 1). The sig nif i cant age dif fer -
ence be tween the sandy de pos its (Up per Plenivistulian) and
the on set of peat ac cu mu la tion (Bo real phase of the Ho lo cene)
in di cates the oc cur rence of a hi a tus at this level, re sult ing from
ero sional re moval of the up per part of the sand unit. At the be -
gin ning of the Late Gla cial (~17,900–17,400 cal BP), a stage of
chan nel in ci sion into the sub strate was re corded in the val ley of
the neigh bour ing Czarna Nida River, as so ci ated with in creased

river ero sion (Krupa, 2013; Kalicki and Biesaga, 2024). The for -
ma tion of large me an ders in the Czarna Nida val ley has taken
place at least since the interphase warm ing of the AllerÝd
(~13.9 ka cal BP; Krupa, 2013; Kalicki and Biesaga, 2024).
Later, af ter the for ma tion of braided chan nels dur ing the cool ing 
of the Youn ger Dryas (~12.7 ka cal BP), al ready at the be gin -
ning of the Ho lo cene (11.6 ka cal BP) and in the Eo- and
Neoho lo cene, a con stant ten dency of the Czarna and Bia³a
Nida rivers to cut into the sub strate and to form me an ders was
ob served (Krupa, 2013, 2015; Kalicki and Biesaga, 2024).

Sim i lar trends at that ex act time have been widely ob served
among Eu ro pean river val leys (Vanderberghe et al., 1994;
Panin et al., 1999), in clud ing the Vistula River val ley (Starkel et
al., 1996, 2013; Kalicki, 2006). At that time, ero sion likely re -
moved the up per parts of Vistulian de pos its, i.e., the sandy al lu -
vial suc ces sion of the Bia³a Nida that un der lay the Mosty
peatland. At the mouths of the Bia³a and Czarna Nida rivers, a
floodplain be gan to form in the Eoholocene, fol low ing the dis -
sec tion of a higher river ter race (and the for ma tion of me an ders) 
that had pre vi ously formed in the Youn ger Dryas, when the river 
was still of braided type (Krupa, 2013). Dur ing the Eoholocene,
par tic u larly in the Preboreal phase, a grad ual calm ing of flu vial
pro cesses was ob served in the Bia³a and Czarna Nida River
val leys (Krupa, 2013; Kalicki and Biesaga, 2024). The sub se -
quent ex pan sion of pine-birch-spruce for ests (Fig. 5) lim ited the
sup ply of ma te rial to the river chan nels. River me an ders were
then cut off and paludified, as shown by the on set of or ganic ac -
cu mu la tion in cut-off palaeomeanedrs dated in the Czarna Nida 
val ley to 11,204–10,793 cal BP (Kuby M³yny palaeomender –
for lo ca tion see Fig. 1B) and 9401–8722 cal BP (Ma³a Wieœ ox -
bow lake) (Krupa, 2013). In the Bia³a Nida River val ley, the me -
an der cut-off in Mosty-Browica (above the Mosty site ana lysed)
and its paludification oc curred ~9393–8649 cal BP (Fig. 1C –
site 4) (Kalicki and Biesaga, 2024). Dur ing this pe riod, the Bia³a
Nida me an der in Mosty was also cut off (this study) and
paludification grad u ally be gan (Fig. 1B – re search site).

The old est pine trunk found in the de pos its of the Mosty site, 
the butt part of which is still rooted in the sandy sub strate, has
been ra dio car bon dated to 10,198–9757 cal BP. The date ob -
tained from the wood of its last 5 tree rings in di cates the time
when it fell (Fig. 2A). De spite the rel a tively large trunk di am e ter
(30 cm), the tree has only 44 tree rings, which are gen er ally
wide. How ever, the two-fold re duc tion in an nual tree rings vis i -
ble on the curve in the first 6 years and around the 25th–30th
year of tree growth may in di cate a rapid de te ri o ra tion of eco log i -
cal con di tions, per haps re lated to pe ri odic flood ing of the hab i -
tat. An other, slightly youn ger pine trunk found in the bot tom
parts of the peatland had fallen ~9426–9128 cal BP (here, wood 
from the last 5 growth rings were also dated) (Fig. 2B and Ta ble
1). Com pared to the pre vi ous trunk, it has wider rings: with a di -
am e ter of 35 cm, it has 67 an nual rings (Fig. 2B: 3). The dated
on set of peat ac cu mu la tion in di cates that the older pine
(M1/M2) grew on sandy sub strate, prior to the for ma tion and on -
set of paludification of the Bia³a Nida palaeomeander, within a
ri par ian for est cov er ing the Bia³a Nida River floodplain. This
wood land phase was pos si ble at that time, as a dis tinct de cline
of flu vial ac tiv ity and peat for ma tion was ob served in Cen tral
Eu rope, in clud ing the Vistula River, ~10,200–9600 cal BP
(Starkel et al., 2013). The youn ger subfossil pine stump (M3: 
67 year old – see Fig. 2B: 3) fell in ~9426–9128 cal BP, and also 
grew partly on sandy sub strate (the tree trunk was con tam i -
nated by sand). The width of its an nual rings also in di cates that
it was (to a lesser ex tent) sub jected to flu vial pro cesses, also
be ing part of the ri par ian for est formed at the be gin ning of me -
an der paludification (Fig. 7A). The time when it fell co in cided
with a dis tinct rise in flu vial ac tiv ity of Eu ro pean rivers, es ti mated 
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at ~9600–8400 cal BP (Starkel et al., 2013). In the North ern
Hemi sphere, a strong in crease in cli mate hu mid ity oc curred at
that time (Wan ner et al., 2015), as well as the strong cool ing re -
sult ing in a Bond event ~9.4 ka (Bond et al., 2008) and the
Venediger phase of the Gla cial ad vances in the Alps (Ivy-Ochs
et al., 2009; Le Roy et al., 2024; Fig. 7B). A phase of in creased
flu vial ac tiv ity of the Wis³a River was also re corded at that time
(Starkel et al., 1996, 2013; Fig. 7B). Un doubt edly, when the
youn ger pines fell co in cided with the be gin ning of paludification
of the Bia³a Nida aban doned me an der stud ied in Mosty. The
palynological di a gram is dom i nated by Pinus sylvestris with the
par tic i pa tion of Betula and Picea and a small share of Corylus
pol len (Fig. 5).

The de liv ery of clastic sed i ments to the Mosty peatland and
the for ma tion of the illuvial ho ri zon in the peats (prob a bly an ef -
fect of the Bia³a Nida flood ing), vis i ble on the LOI curve, was
dated to 8459–8200 ±72 mod. cal BP (Fig. 4A, C). At this time,
pol len is ab sent on the palynological di a gram (Fig. 5). Dur ing
this in ter val, a sud den in crease in the con tent of Mg and K, as
well as the heavy met als Fe, Mn, Ni, Cu, Zn, and Pb, sup plied
by the flood waters of the Bia³a Nida River (and es pe cially its
trib u tar ies – the Wierna Rzeka and Hutka rivers – see lo ca tion
on Fig. 1B) is vis i ble (Figs. 6A and  7A). The source of these el -
e ments in the Ho lo cene de pos its of Bia³a Nida was un doubt edly 
polymetallic min er al iza tion in the De vo nian lime stones of the
Miedzianka Mt. re gion, which is di rectly drained by trib u tar ies of
the Hutka River, a left trib u tary of the Bia³a Nida River (see Fig.
1B). The pri mary min er al iza tion at Mt. Miedzianka is poly -
metallic, the pre dom i nant min er als here be ing sulphides of cop -
per and iron (chal co py rite), lead (ga lena), cop per, ar senic,
nickel, bar ium and an ti mony, with the pres ence of sil ver and
zinc in the crys tal lat tices of these min er als (Rubinowski, 1971;
Pabian et al., 2022). How ever, the de posit of eco nomic im por -
tance was the sec ond ary, karst-weath er ing ac cu mu la tion of
sul phide, car bon ate and ox ide cop per min er als, as well as cop -
per and iron with ad mix tures of na tive sil ver and na tive cop per
in clay-sandy de pos its, which filled mainly karst voids lo cated
high on the slopes of the hills. Gen er ally, the de posit (for merly
mined) shows el e vated con tents of Cu, Pb, Zn, As and Fe, and
slightly lower, but reach ing sev eral per cent, val ues in cer tain
min er als of Ti, Ni, Sb, Mo, Ag, and Ba (Rubinowski, 1971; Swêd 
et al., 2015). The pres ence of this de posit on the rel a tively steep 
slopes of Miedzianka Mt., sev eral tens of metres high (354 m
a.s.l.), re sulted in in creased min eral sup ply to streams dur ing
in ten si fied de nu da tion pro cesses, stim u lated, for ex am ple, by
in creased cli mate hu mid ity. There fore, dur ing the pe riod ana -
lysed, there would have been nat u ral de liv ery of these el e ments 
to the Hutka River (and later the Bia³a Nida River) al lu vium.

These el e ments were there fore de liv ered to the Mosty
peatland by flood waters of the Bia³a Nida River. Flood ing of the
peatland at this time is in di cated by a sub stan tial in crease in the
Fe/Mn ra tio in this part of the suc ces sion, in di cat ing an in crease 
in the wa ter level in the peatland (Fig. 6B; Davison, 1993;
Mazurek et al., 2014; Borówka et al., 2015). These flood ing
events (8460–8250 cal BP) co in cide with the most prom i nent
Ho lo cene cli mate de te ri o ra tion, the so-called 8.2 ka event
(sensu Bond et al., 1997, 2008). Mi nor changes in the ac cu mu -
la tion rate of sedge peat in the sed i men tary pro file stud ied (µ =
0.31–0.42 mm yr–1) dur ing this cli mate event (Fig. 4B) may in di -
cate slow floodplain de po si tion, pre sum ably re sult ing from the
con sid er able dis tance of the peatland from the river chan nel,
and/or low-mag ni tude, cy clic flood ing events (Knighton, 1998;
Hupp, 2000). The flood ing of the peatland by the Bia³a Nida
River and the de po si tion of the illuvial ho ri zon in the peats co in -
cided with one of the larg est and most rapid cli mate cool ing and
hu mid ity growth events in the Ho lo cene: the fa mous 8.2 ka

event (Bond et al., 2008; Wan ner et al., 2011, 2015; Walker et
al., 2019; Fig. 7B). At that time, an in crease in flu vial ac tiv ity of
Eu ro pean rivers was re corded, es pe cially the Wis³a River (Fig.
7B; Starkel et al., 1996, 2013), and an in ten si fi ca tion of slope
pro cesses in moun tain ar eas (Pánek et al., 2013; Margielewski, 
2018). In the Alps, this cool ing was re flected as the Kromer
phase of the gla cial ad vances (Ivy-Ochs et al., 2009; Le Roy et
al., 2024; Fig. 7B). In the val ley of the neigh bour ing Czarna Nida 
River and their trib u tar ies, in the older part of the At lan tic phase,
traces of in di vid ual floods were re corded in al lu vium, in the form
of peat be ing over lain by clastic sed i ments in sev eral ox bow
lakes (Ludwikowska-Kêdzia, 2000; Krupa, 2013, 2015). At that
time, in the val leys of the Czarna and Bia³a Nida rivers, the river
me an ders were cut off and their paludification be gan (Fig. 7A;
Krupa, 2013; Kalicki and Biesaga, 2024).

In the pro file of the Mosty peatland ana lysed, the be gin ning
of fur ther sup ply of clastic sed i ment to the mire was dated to
7348 ±87 mod. cal BP, while the end of this long-term pro cess,
which formed the illuvial ho ri zon in the peats, was dated to 5827 
±87 mod. cal BP (Fig. 4A, C). In the light of the dat ing, this pro -
cess lasted al most 1500 years and was per ma nent: the LOI
curve does not show the fluc tu a tions char ac ter is tic of fre quently 
re peated events (Fig. 4A, C). The palynological di a gram shows
a de crease in the share of Pinus pol len, with a si mul ta neous in -
crease in the share of Betula, Picea, Ulmus, Alnus and Corylus
pol len. Poaceae and Cyperaceae also ap pear (Fig. 5). The el e -
men tal com po si tion of the sed i men tary in ter val ana lysed shows 
a sud den in crease in the con tents of Fe, Mn, Cu, Zn, and es pe -
cially Pb, as well as an in crease in the share of Mg and K (Figs.
6A and 7A), de liv ered to the peatland by flood waters of the
Bia³a Nida River and the Hutka River flow ing into it. The in -
crease in the Fe/Mn ra tio in di cates pe ri odic flood ing of the
peatland with wa ter (Fig. 6B). In creas ing con cen tra tions of
lithophile el e ments, as well as flood-de liv ered trace el e ments
from the Bia³a Nida and Hutka rivers catch ment (Zn, Pb), may
in di cate a link with the cold and wet cli mate ex cur sion
(6500–5900 cal BP) doc u mented at a large num ber of study
sites across Eu rope (Wan ner et al., 2011, 2015; Florescu et al.,
2019; Ko³aczek et al., 2021). Around 5.9 ka BP, an ep i sode of
sig nif i cant cli mate cool ing called a Bond event was re corded
(Bond et al., 2008; Fig. 7B). In the Alps, the Rotmoos 1 phase of 
moun tain gla cier ad vances oc curred (Ivy-Ochs et al., 2009).
Around 6400 cal BP a dis tinct in crease in peat growth and flu -
vial ac tiv ity was re corded in central Eu rope, in clud ing the Wis³a
River Val ley (Starkel, 2013; Fig. 7B). In the cut-off ox bow lakes
of the Nida River, peats be gan to ac cu mu late, dated in the Bia³a 
Nida palaeomeander to 6724–6313 cal BP (Fig. 1B – site 4 and
Fig. 7A; Kalicki and Biesaga, 2024), and sim i larly to the Mosty
peatland ana lysed, these were mainly clayey peats (ash con -
tent ~50%).

A se ries of small min eral sed i ment in ter ca la tions into the
Mosty peatland (poorly marked on the LOI curve in the 45–32.5
cm in ter val) in di cat ing lo cal in un da tion of the peatland (floods?), 
which could have oc curred ~4460–2178 ±200 mod. cal BP
(45–32.5 cm; Fig. 4A, C). In the de pos its, an in crease in Cu
con tent is vis i ble (lower parts of the in ter val), while to wards the
top of this in ter val a slight in crease in Fe and Mn was re corded,
with a de crease in the con cen tra tion of other heavy met als
(Figs. 6A and 7A). A slight in crease in the Fe/Mn ra tio in this in -
ter val may sug gest lo cal, small flood ing (floods?) of the Mosty
peatland (Fig. 6B). With the be gin ning of the “flood pe riod”
~4460 cal BP re corded in the Mosty peatland de pos its, the cut -
ting off and paludification of the Czarna Nida  palaeomeanders
be gan (Krupa, 2013; Fig. 7A). The flu vial ac tiv ity in the Czarna
Nida interfluvial area at that time may be in di cated by the cut-off
and the be gin ning of paludification of the Czarna Nida me an -

W³odzimierz Margielewski et al. / Geological Quarterly, 2026, 70, 3 15

https://doi.org/10.1144/jgs2013-101
https://doi.org/10.1144/jgs2013-101
https://doi.org/10.1144/jgs2013-101
https://doi.org/10.1016/j.quascirev.2011.07.010
https://doi.org/10.1016/j.quascirev.2011.07.010
https://doi.org/10.1111/j.1365-3121.1994.tb00891.x
https://doi.org/10.1111/j.1365-3121.1994.tb00891.x
https://doi.org/10.1111/j.1365-3121.1994.tb00891.x
https://doi.org/10.1111/j.1365-3121.1994.tb00891.x
https://doi.org/10.1016/j.yqres.2013.03.009
https://doi.org/10.4000/geomorphologie.10765
https://doi.org/10.1017/RDC.2018.68
https://doi.org/10.1017/RDC.2018.68
https://doi.org/10.1016/B978-0-323-99712-6.00018-0
https://doi.org/10.1016/B978-0-323-99712-6.00018-0
https://doi.org/10.1016/B978-0-323-99712-6.00018-0
https://doi.org/10.1016/j.quaint.2014.12.045
https://doi.org/10.1177/09596836211033200
https://doi.org/10.1016/j.quascirev.2009.03.009
https://doi.org/10.1016/j.quascirev.2009.03.009
https://doi.org/10.1016/j.quascirev.2009.03.009
https://doi.org/10.1016/j.quascirev.2009.03.009
https://doi.org/10.1002/1099-1085(200011/12)14:16/173.0.CO;2-H
https://doi.org/10.1016/j.quascirev.2019.105877
https://doi.org/10.1016/j.quascirev.2019.105877
https://doi.org/10.1016/0012-8252(93)90029-7
https://doi.org/10.1515/folquart -2015-0004
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/contributions_by_author/bond2001/bond2001.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/contributions_by_author/bond2001/bond2001.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/contributions_by_author/bond2001/bond2001.txt
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/contributions_by_author/bond2001/bond2001.txt
https://doi.org/10.1126/science.278.5341.1257


ders in Mosty (4233–3724 cal BP – see Fig. 1C – site 2) and in
Borki (4961–4531 cal BP – see Fig. 1C – site 3 and Fig. 7A;
Krupa, 2013; Kalicki and Biesaga, 2024).

How ever, the low ac cu mu la tion rate in the Mosty peatland
(AR) (0.5 mm yr–1) may, in turn, sug gest a slow down in the rate
of peat ac cre tion due to pe ri odic dry ing of the peatland (Fig.
4B). The se quence of ra dio car bon dates, the rapid de crease in
the peat ac cu mu la tion rate, the col lapse of the age-depth
curve, and the oc cur rence of ex tremely de com posed peats (R
>65%) at this level, typ i cal of peatland des ic ca tion, in di cate the
pos si bil ity of a hi a tus oc cur ring here (in the in ter val be tween
45–30 cm, al though peat com pac tion could also have oc curred
here; Fig. 4A, B). How ever, at the cur rent level of re search, its
tem po ral ex tent is dif fi cult to de ter mine, be cause of a short age
of ra dio car bon dates, and it is also not con firmed by palyno -
logical anal y sis (see Fig. 5). It can not be ruled out that the
peatland des ic ca tion (re sult ing in the lack of peat sed i men ta -
tion) could have been re lated to the 4.2 ka ep i sode, dur ing
which cli mate cool ing and si mul ta neous des ic ca tion oc curred in 
this part of Eu rope (Wan ner et al., 2011, 2015; Kaniewski et al.,
2018; McCay et al., 2024; see on Fig. 7B).

In the ar eas ad ja cent to the Bia³a Nida River val ley, pine for -
est (Pinus sylvestris) still dom i nated at that time, though with a
clear de crease in the share of pine and with a sig nif i cant ad mix -
ture of spruce (Picea abies), birch (Betula) and al der (Alnus;
Fig. 5).

In the up per parts of this in ter val (~35 cm) there was a pine
trunk char ac ter ized by very nar row tree rings (Fig. 2C). The be -
gin ning of its growth (first 5 tree rings) was ra dio car bon dated to
2964–2782 cal BP, while the tree fell in ~2815–2632 cal BP
(tak ing into ac count its 150 an nual rings) (Fig. 2C: 2, 3). Den -
dro chronological anal y sis showed that the tree grew in eco log i -
cal con di tions that sud denly de te ri o rated dra mat i cally dur ing
the tree’s growth. While the first 7 tree rings are 180 mm wide,
over time their width dras ti cally de creases: af ter 20 years to
65–40 mm, and af ter an other 70 years of tree growth
(~2,894–2,712 cal BP), the width of the an nual in cre ments de -
creases to 10–20 mm (Fig. 2C: 3 – com pare with tree ring
curves: A3 and B3 in Fig. 2). The tree likely grew on the sur face
of a peatland (bog pine) that was ini tially ex tremely dry (tree
ger mi na tion phase) but quickly be came sub ject to fre quent ris -

ing wa ter lev els due to long-term flood ing of the Bia³a Nida
River, which re sulted in a dra matic re duc tion in the width of the
tree’s an nual rings. The tree’s fall ing may have been re lated to
cli mate de te ri o ra tion ~2.8 ka (Bond event), when in creased flu -
vial ac tiv ity of the Wis³a River was re corded (Starkel et al.,
2013), co evally with the ad vance of the Al pine gla ciers dur ing
the Goeschener phase (Ivy-Ochs et al., 2009), and high wa ter
lev els in Al pine lakes (Magny et al., 2003; Magny, 2013; Fig.
7B).

At the end of the Subboreal and early Subatlantic phases,
an ero sional stage be gan in the Czarna Nida val ley (Krupa,
2013, 2015; Kalicki and Biesaga, 2024). In the pe riod 2.8–2.4
ka cal BP, the cut off of me an ders and the be gin nings of their
paludification are com mon (Krupa, 2013; Fig. 7A). The me an -
der ing chan nels of the Nida River and its trib u tar ies mi grated
lat er ally at that time, as in di cated by a fallen black oak (Quer -
cus) tree trunk found in the al lu vial de pos its of one of the
Czarna Nida trib u tar ies (Lubrzanka – see Fig. 1B), dated to
3061–2783 cal BP (Kowalski, 2002). A subfossil al der (Alnus)
tree trunk dated to 2725–1742 cal BP found in the Czarna Nida
al lu vial de pos its at Borki (Fig. 1B – site 3 and Ta ble 3; Œnieszko, 
1978; Krupa, 2013), has also been as so ci ated with this ero sion
phase. This tree trunk could have fallen dur ing the same wet
phase as the trunk with thin an nual tree rings from the peatland
ana lysed in Mosty (this study – Fig. 2C).

Al though the Czarna Nida ero sional stage be gan at the turn
of the Subboreal and Subatlantic phases, the great est con cen -
tra tion of this type of ero sion-re lated event was re corded in the
Ro man pe riod (Krupa, 2013; Kalicki and Biesaga, 2024). The
area be tween the Bia³a and Czarna Nida rivers was then in -
cluded in the Nida iron smelt ing re gion (with fa mous bloome -
ries) of the Przeworsk Cul ture (Fig. 6C). The ac tiv ity of this
bloomery smelt ing cen tre in the Czarna and Bia³a Nida val leys
took place in the years from 2316–1929 cal BP (366 BC–21
AD), to 1529–1299 cal BP (421–651 AD) (Przychodni, 2006;
Przepióra et al., 2024; Kalicki and Biesaga, 2024). Traces of
smelt ing and iron pro cess ing ac tiv i ties are macro- and mi -
cro-slags and iron pel lets (so-called spher ules) from this pe riod, 
found in the al lu vial de pos its of the Bia³a and Czarna Nida
rivers, in the interfluve zone (Fig. 1B – sites 6 and 7; Kalicki et
al., 2020; Przepióra et al., 2023; Kalicki and Biesaga, 2024). In -
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Dated subfossil tree trunk ex ca vated from the Mosty peatland (Bia³a Nida River; this study) and the Czarna Nida River, 
and their trib u tar ies: the Lubrzanka River and Belnianka River (site lo ca tion on Fig. 1B)

River Site Wood spe cies Age cal BP Age BC/AD Source

Bia³a Nida

Mosty M1 Pine 10,198–9757

this study

Mosty M3 Pine 9426–9128

Mosty M30 Pine 2964–2782

Mosty, 
float ing chro nol ogy

2MOST_A2
Pine 1360–1187 ±27

mod.cal BP

Mosty,
float ing chro nol ogy

2MOST_A1
Pine 1158–976 ±50

mod. cal BP

Czarna Nida
Borki Al der 2725–1742 775 BC–209 AD Œnieszko (1978); Krupa (2013)

Wolica Oak 1341–804 609–1146 AD Lindner (1977)

Lubrzanka

Cedzyna Oak 3061–2783 1111–833 BC Kowalski (2002)

Cedzyna 2 Oak 1828–1570 125–380 AD

Kowalski and Swa³dek (1991)Cedzyna 1 Oak 1694–1404 256–546 AD

Cedzyna 1 Oak 1517–1305 433–645 AD

Belnianka Czaplów ? 5741–5482 3791–3532 BC Ludwikowska-Kêdzia (2000)
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ter est ingly, the pe riod of this eco nomic ac tiv ity did not sig nif i -
cantly fig ure on the geo chem i cal di a gram of the Mosty peatland 
de pos its. Only a lo cal in crease in the Fe, Mn, Cu and Zn con -
tents is vis i ble (Fig. 6A). The de vel op ment of the bloomery ac -
tiv ity in the interfluve of the Bia³a Nida and Czarna Nida rivers
(see Fig. 6C) and in ten sive en vi ron men tal trans for ma tions in
the “in dus trial” part of the river ba sin co in cided with a pe riod of
more fre quent oc cur rence of ex treme hydro meteoro logi cal
phe no m ena (Kalicki, 2006; Starkel et al., 2013). This re sulted in 
the in ten si fi ca tion of flu vial pro cesses in the area ana lysed, lat -
eral mi gra tion of chan nels (so-called black oaks in the al lu vium
of the Nida and its trib u tar ies – see Fig. 7A and Ta ble 3), and
the for ma tion of new al lu vial in ter ca la tions with res i dues of sed i -
ments from met al lurgy and iron pro cess ing. De for es ta tion re -
lated to the pro duc tion of char coal used in the met al lur gi cal pro -
cess re sulted in the ac ti va tion of ae olian pro cesses in the
interfluve area ~2336–1415 cal BP (Borki site – see Fig. 1B:–
site 3; Krupa, 2013; Kalicki and Biesaga, 2024).

The top of the Mosty peat suc ces sion, in the 0–25 cm in ter -
val, is dom i nated by strongly de com posed (R >65%) and highly
clayey peats (Ta ble 2), re sult ing from a long-term sup ply of
clastic sed i ment to the peatland (LOI de creases from 80–35%). 
Its on set was dated to 1522 ±148 mod. cal BP (428 cal AD; Fig.
4A, C). Hy po thet i cally, it can be as sumed that this sig nif i cant re -
duc tion in loss on ig ni tion could also be the re sult of min er al iza -
tion of the top parts of the peat, as fre quently oc curs in the peat
pro files de scribed (Borówka et al., 2015). How ever, at least
sev eral ob ser va tions in di cate oth er wise. The on set of illuvial
ho ri zon for ma tion co in cided with a pe riod of wide spread cli mate 
wet ting and cool ing in the 5th–6th cen tury AD (Kalicki, 2006). At 
that time, both an in crease in the flu vial ac tiv ity of the Wis³a
River (Starkel et al., 1996, 2013) and a phase (Goeschener 2)
of gla cial ad vance in the Alps (Ivy-Ochs et al., 2009) were re -
corded (Fig. 7B). With the be gin ning of the for ma tion of the
illuvial ho ri zon in the top part of the or ganic de pos its of the
Mosty peatland (so-called clayey peats), the com mon fall ing of
pine trunks and their ac cu mu la tion in the sed i ment oc curred
(Fig. 4A, C). The float ing chro nol o gies com piled on their ba sis
have a time range of 1360–1187 ±27 mod. cal BP (590–763
±27 mod. cal AD) and 1158–976 ±50 mod. cal BP (792–974
±50 mod. cal AD) (Fig. 2A, B). The dy ing-off phases of trees
found here in di cate sev eral ep i sodes of tree fall ing, dated
1201–1187 ±27 mod. cal BP (749–763 ±27 mod. cal AD) and
1002–976 ±50 mod. cal BP (Fig. 2A, B). Hy po thet i cally, this
may in di cate that, in these pe ri ods, lat eral mi gra tion of the Bia³a
Nida River could have taken place, which caused un der cut ting
of the for ested river banks, the fall ing of trunks of the pine trees
grow ing there, and their de po si tion in the form of drift wood.
Sim i lar phe nom ena have been de scribed for subfossil oaks
(so- called black oaks) from the al lu via of the lower Wis³a
(Kalicki and Kr¹piec, 1995). How ever, the paludification in -
volved an aban doned me an der, not an ac tive me an der, and the 
sup ply of clastic sed i ment into the peatland by flood wa ters was
quite mod er ate. Clastic sed i ments de liv ered by pe ri odic floods
did not in ter rupt peat ac cu mu la tion, and sed i men ta tion of
clastic lay ers (even thin ones) typ i cal of floods did not oc cur
here (see Klimek, 1974; Teisseyre, 1988). The river’s flu vial ac -
tiv ity was ev i dent only in the form of a rel a tively small (al beit per -
ma nent, last ing for at least 1500 years) sup ply of clastic sed i -
ment to the peatland and the for ma tion of an illuvial ho ri zon in
the peat. The rel a tively low con tent of clastic sed i ment de liv -
ered to the peatland by river wa ters in di cates that the river cur -
rent dur ing floods was not suf fi ciently pow er ful to move the nu -
mer ous tree trunks and de posit them within the peatland sed i -
ments.

The float ing chro nol o gies of the pines as com piled (with
sev eral ger mi na tion and dy ing-off phases) cover the 6th–8th
cen tu ries and the 8th–9th cen tu ries AD (Fig. 3A, B). The be gin -
ning of these chro nol o gies is there fore co eval with the be gin -
ning of the spread of Sla vonic col o ni za tion since the 6th cen tury 
in the Eu ro pean ar eas (af ter de pop u la tion dur ing the Mi gra tion
Pe riod 375–550 AD – see Fig. 7A). This col o ni za tion phase was 
also noted in the interfluve of the Bia³a and Czarna Nida rivers
(Fig. 6C; Koz³owski and Kaczanowski, 1998). The pine fall ing
phase co in cided with a sig nif i cant in crease in cli mate hu mid ity
in the 5th and 6th cen tury with sev eral fluc tu a tions, which is cor -
rob o rated by sev eral dy ing-off tree phases of this chro nol ogy.
Af ter the Mi gra tion Pe riod, pol len di a grams re cord a sud den in -
crease in anthropopressure in the Nida val ley (NAP in crease
above 50%; Szczepanek, 1961, 1982), al though in the Mosty
pro file this pro cess was less pro nounced (Fig. 5). Typ i cally,
such el e ment con cen tra tions in the top lay ers of peatland sed i -
ments are as so ci ated with at mo spheric de po si tion (Pa we³ czyk
et al., 2018). How ever, in this case, the higher el e ment con cen -
tra tions com pared to the ear lier illuvial lev els could have been
more com plex and orig i nated both from at mo spheric de po si tion 
and from the de liv ery of waste from the smelt ing ac tiv ity to the
al lu via (see Kalicki and Biesaga, 2024) or from min ing ac tiv i ties
at Miedzianka Mt. (Rubinowski, 1971).

ORIGIN OF SUBFOSSIL TREE TRUNK IN THE LIGHT
OF DENDROCHRONOLOGY: DRIFTWOOD, RIPARIAN 

FOREST OR BOG PINE WOODLAND

So far, the or i gin of all subfossil tree trunks in the de pos its of
the Nida River or its trib u tar ies (Czarna Nida and its trib u tar ies:
Lubrzanka and Bielnianka rivers) has been as so ci ated with the
lat eral mi gra tion of river chan nels (me an ders) dur ing the phase
of in creased ero sion. This was jus ti fied be cause most of these
tree trunks (black oaks, al der) were em bed ded in al lu vial sed i -
ments (sands, silts; Fig. 7A and Table 3; Lindner, 1977; Ko -
walski and Swa³dek, 1991; Ludwikowska-Kêdzia, 2000; Ko -
walski, 2002; Krupa, 2013; Kalicki and Biesaga, 2024). How -
ever, the pine trunks at the Mosty site are bur ied in the or ganic
de pos its of a fluviogenic peatland formed as a re sult of palu -
difica tion of an aban doned me an der of the Bia³a Nida River
(Figs. 2, 3 and 7A). There fore, an im por tant is sue for the re con -
struc tion of palaeoenvironmental changes in the interfluve of
the Bia³a and Czarna Nida rivers is to ex plain the or i gin of this
wood in the peat de pos its.

A subfossil trunk of the old est pine tree (Pinus sylvestris)
found in the Mosty peatland has pre served its butt end, still
rooted in the sandy sub strate (Fig. 2A: 1), its fall dated to
10,198–9757 cal BP (Fig. 2A). This pine grew on sandy sub -
strate, be fore the on set of paludification of the Bia³a Nida
palaeomeander and it is likely a rem nant of pine wood land that
then cov ered the Bia³a Nida River floodplain. The wide an nual
growth rings in di cate gen er ally fa vour able grow ing con di tions
for the tree. Dur ing the pe riod in which the tree was grow ing,
nei ther cool ing nor humidification of the cli mate in Eu rope was
re corded (Fig. 7A–C; Starkel et al., 2013). How ever, the sub se -
quent sev eral-fold re duc tion in tree ring width may sig nal a
short-term de te ri o ra tion of eco log i cal con di tions, prob a bly re -
lated to pe ri odic flood ing of the hab i tat by flood waters of the
Bia³a Nida River. In ter est ingly, the age of this pine cor re sponds
to the tem po ral range of the pine float ing chro nol ogy from the
Podemszczyzna site in the Sandomierz Ba sin (9980–9830
±165 mod. cal BP), i.e., the old est chro nol ogy of bog pine in Po -
land, and Eu rope (Fig. 7C, site po si tion on Fig. 8 – site 18;

W³odzimierz Margielewski et al. / Geological Quarterly, 2026, 70, 3 17

https://doi.org/10.1111/j.1365-3121.1994.tb00891.x
https://doi.org/10.1111/j.1365-3121.1994.tb00891.x
https://doi.org/10.1111/j.1365-3121.1994.tb00891.x
https://doi.org/10.19189/MaP.2018.OMB.349
https://doi.org/10.1177/095968369500500213
https://doi.org/10.1016/j.quascirev.2009.03.009
https://doi.org/10.1515/folquart -2015-0004


Margielewski et al., 2022a) (al though older, late-gla cial chro nol -
o gies of pine have been de vel oped, they do not ap ply to bog
pine grow ing on peatlands – see Dzieduszyñska and Petera-
 Zganiacz, 2012; Michczyñska et al., 2018). The dif fer ence is
that the pines from the Podemszczyzna site (which is also a
fluviogenic peatland) rep re sent bog pine wood land, while the
pine from the Mosty site grew be fore the for ma tion of the Mosty
peatland (Margielewski et al., 2022a).

The trunk of a youn ger pine tree, oc cur ring in the bot tom
parts of the or ganic de pos its of the Mosty peatland, fell in
~9426–9128 cal BP (Fig. 2B and Ta ble 1). The course of the
tree ring curve also in di cates gen er ally good hab i tat con di tions
dur ing the tree’s growth (Fig. 2B: 3). Thus, like the older pine
tree, it grew on the sandy al lu via of the Bia³a Nida River (there is 
sand on the trunk), though dur ing the be gin ning of the Mosty
peatland paludification. Brief re duc tions in its tree ring widths,

sug gest that it may also have been spo rad i cally sub jected to the 
flu vial ac tiv ity of the Bia³a Nida River (Fig. 2A: 3). Both pines,
there fore, used to grow in the same place on the Bia³a Nida
floodplain at the bot tom of an aban doned shal low me an der and
cer tainly do not rep re sent drift wood. Pol len anal y sis of the bot -
tom sec tions of peatland de pos its in di cates a dom i nance of
Pinus with some

Picea ad mix ture, and underrepresentation of ri par ian taxa
(Fig. 5). The pines ana lysed were not part of the ri par ian for est
which usu ally grows on river floodplains. They could have been
rem nants of pine for ests that grew on al lu vial plains dur ing the
cli ma tic pe ri ods.

An other dated, youn ger subfossil trunk of Scots pine (Pinus
sylvestris) dated at ~2964–2632 cal BP fell dur ing ~2815–2632
cal BP. Its tree-ring widths in di cate that the on set of its growth
(the first 7 rings dated 2964–2782 cal BP) oc curred un der fa -
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Fig. 8. Lo ca tion of the Mosty peatland, com pared to the lo ca tion of the other Eu ro pean, and (sep a rately) Pol ish
peatlands with subfossil tree trunks of Scots pine (Pinus sylvestris) and oak (Quercus sp.)

For site names and au thors of chro nol o gies – see Ta ble 4, ac cord ing to site num bers shown in Fig ure 7C
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vour able eco log i cal con di tions, which rap idly de te ri o rated dur -
ing the tree’s growth. For most of the tree’s growth pe riod, the
tree rings are ex tremely nar row (Fig. 2C: 3: com pare with
growth curves A3 and B3 in Fig. 2). It is very likely that the on set
of its growth co in cided with marked drain age of the peatland, as 
in di cated by the highly de com posed peat. The se quence of ra -
dio car bon dat ing and the change in the rate of peat ac cu mu la -
tion in di cate the pos si bil ity of a hi a tus oc cur ring here, prob a bly
re lated to the cool ing and dry ing of the cli mate at ~4.2 ka caus -
ing the tem po rary ces sa tion of peat ac cu mu la tion. Thus, the
tree was likely part of the bog pine wood land that en tered the
peatland (ger mi na tion phase) dur ing its ex treme des ic ca tion
(af ter 4.2 ka), and then grew for quite a long time un der con di -
tions of fre quent wa ter ta ble fluc tu a tions in the peatland caused
by flood ing of the nearby Bia³a Nida River. The tree fall ing (tree
dy ing-off phase) was due to fre quent floods (caus ing per ma -
nent in un da tion of the peatland) as so ci ated with a sig nif i cant in -
crease in flu vial and ero sional ac tiv ity of the Bia³a and Czarna
Nida rivers, re corded at the bound ary of the Subboreal and
Subatlantic phases (2.8 ka event; see Kalicki and Biesaga,
2024). The tim ing of the ger mi na tion phase, and tree dy ing-off
phase, cor re lates well with the float ing chro nol o gies of pines in
peatlands in Scot land, Fin land, Lith u a nia, the Alps, and also in
Pol ish sites: Rucianka in Warmia re gion, Imszar in Podlasie, or
Puœcizna Wielka in the Orawa-Nowy Targ Ba sin (see Figs. 7C,
8 and Ta ble 4).

The float ing chro nol o gies of pine de vel oped (1360–1187
mod. cal BP and 1158–976 mod. cal BP) based on the anal y sis
of tree trunks oc cur ring in the up per parts of the peatland de -
pos its, in di cate the oc cur rence of al ter nat ing tree ger mi na tion
and tree dy ing-off phases (Fig. 3A: 1, B: 1). The course of the
av er aged dendrochronological curves de vel oped for the float -
ing pine chro nol o gies: 2MOST_A2 and 2MOST_A1, in di cates a 
pe ri odic de te ri o ra tion of eco log i cal con di tions of the hab i tat,
marked by a re duc tion in tree ring width. For the 2MOST_A2
chro nol ogy, this oc curred in the pe ri ods ~1320–1299 ±27 mod.
cal BP; 1275 ±27 mod. cal BP; 1266–1258 ±27 mod. cal BP
1248 ±27 mod. cal BP and af ter 1222 ±27 mod. cal BP (Fig.
3B). For youn ger pine chro nol o gies (2MOST_A1) these re duc -
tions took place be tween 1108 and 1074 ± 50 mod cal BP, while 
long-term re duc tions, which are si mul ta neous with tree dy -
ing-off phases, were marked in the time in ter vals 1062–1038
±50 mod. cal BP and 1004–994 ±50 mod. cal BP (Fig. 3A). The
course of tree ring curves with such trends (with al ter nat ing ger -
mi na tion and dy ing-off trees phases is typ i cal for bog pine
wood lands over grow ing peatlands and was as so ci ated with
low er ing (ger mi na tion phase) and pe ri odic in crease in wa ter
level in the peatland, caus ing dy ing-off phases of trees
(Edvardsson et al., 2016a, b, 2022; Margielewski et al., 2024).
Such phe nom ena have been re corded in peatlands in Eu rope
(e.g., Leuschner et al., 2007; Edvardsson et al., 2016a, b, 2022) 
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Sites with dendrochronologically ana lysed subfossil bog pine (Pinus sylvestris), and oak (Quercus sp.) in Eu ro pean
peatlands (sites: 1–11) and in Pol ish peatlands (sites 12–21, in clud ing the Mosty peatland) 

No. of site on
Figs. 7 C and 8 Name of site Tree spe cies Au thor(s)

1 North ern Ger many Pine, oak Leuschner et al. (2007); Eckstein et al. (2011);
Achterberg et al. (2017, 2018)

2 Neth er lands Oak Jansma (1996); Sass-Klassen and Hanraets (2006)

3 Eng land Pine, oak Lageard et al. (1999, 2000)

4 Scot land Pine Moir et al. (2010); Moir (2012)

5 Ire land Pine, oak Pilcher et al. (1995); Torbenson et al. (2015)

6 Den mark Oak Edvardsson et al. (2016b)

7 South ern Swe den Pine Gunnarson et al. (2003); Gunnarson (2008);
Edvardsson (2010); Edvardsson et al. (2012a, b) 

8 Fin land Pine Helama et al. (2004, 2020)

9 Lith u a nia Pine, oak Pukienè (2001); Edvardsson et al. (2016a)

10 Alps Pine 
(Pinus cembra) Nicolussi et al. (2005, 2009)

11 South ern Carpathians stone Pine Árvai et al. (2016)

Po land

12 Krakulice Pine Margielewski et al. (2023)

13 Rucianka Pine, oak Barniak et al. (2014)

14 Budwity Pine, oak Margielewski et al. (2024)

15 Imszar Pine Margielewski et al. (2022b)

16 Napoleonów Pine Margielewski et al. (2023)

17 Mosty Pine this study

18 Podemszczyzna Pine, oak Margielewski et al. (2022a)

19 Jezioro Zawadowskie Fir (Abies alba) Margielewski et al. (2023)

20 Grel Pine Margielewski et al. (2022c)

21 Puœcizna Wielka Pine
Kr¹piec and Szychowska-Kr¹piec (2016);

Kr¹piec et al. (2016)
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in clud ing Po land (Kr¹piec et al., 2016; Margielewski et al.,
2022a, b, 2024).

The subfossil pine tree trunks that ac cu mu lated in the up per 
part of the Mosty peatland de pos its could not have been drift -
wood trans ported with the flood waters of the Bia³a Nida River,
i.e. tree trunks fallen dur ing the un der cut ting of for est-cov ered
river banks, as was the case of black oaks in the Czarna Nida
val ley in Wolica (Lindner, 1977), or the Lubrzanka in Cedzynia
(Kowalski and Swa³dek, 1991), as well as in the Wis³a al lu vial
de pos its (Kalicki and Kr¹piec, 1995). The me an ders were, af ter 
all, cut off from the river, and were only lo cally flooded: ei ther as
a re sult of the river flood ing or through a rise in the ground wa ter
ta ble, also re lated to the river’s ac tiv ity. In the Mosty peatland
pro file, illuvial ho ri zons ap peared in peats, which in var i ous or -
ganic infills of the palaeomeanders of the Nida River and its trib -
u tar ies were re ferred to as “silty peats” (Kalicki and Biesaga,
2024 – see Fig. 1C – site 6). In the Mosty peatland pro file, these 
were never dis tinct clastic lay ers (muds, al lu vial soils) form ing
thick interbeds in or ganic sed i ments, typ i cal of strong floods
(see Kalicki, 2006) or from long-term flood ing of peatland
(Margielewski, 2018; Fig. 4A, C, D).

Ev ery thing in di cates that the pines ana lysed from the Mosty 
site over grew the peatland area: both be fore its for ma tion
(~10,198–9757 cal BP; Fig. 2A), and at var i ous stages of its for -
ma tion: 2964–2632 cal BP and (float ing chro nol o gies)
1360–1187 ±27 mod. cal BP and 1158–976 ±50 mod. cal BP
(Figs. 2B, C and 3A, B).

Chro nol o gies 2MOST_A2 and 2MOST_A1 are float ing
chro nol o gies. De vel op ing ab so lute chro nol o gies based on
these chro nol o gies en coun ters prob lems be cause so far there
are few sites in Eu rope with de vel oped pine chro nol o gies for
this pe riod (Fin land, Lith u a nia, the Alps, Ro ma nia, while in Po -
land this is cur rently the only chro nol ogy), and, not all of them
are ab so lute chro nol o gies (Fig. 7C and Ta ble 4). The Miyake
ef fect, i.e., a sin gle, rapid in crease in 14C con tent in wood of in di -
vid ual an nual rings, ob served so far in the cal en dar years BP:
9126; 7360, 2610, and par tic u larly: 1176–1175, and 956–955
(Miyake et al., 2012, 2013), can also be used to de velop an ab -
so lute chro nol ogy (see Krapiec et al., 2021). How ever, this re -
quires fur ther re search and fund ing.

CONCLUSIONS

Within the de pos its of the Mosty fluviogenic peatland
(south ern Po land), palaeoenvironmental changes have been
re corded in the interfluve of the Czarna and Bia³a Nida rivers,
oc cur ring from the Bo real phase of the Ho lo cene to the pres ent. 
The for ma tion of the peatland (de vel oped as sedge peats
1.54 m thick) in the aban doned palaeomeander of the Bia³a
Nida River (di rectly on Plenivistulian sands) be gan 9258 ±130
mod. cal BP. In the up per Nida val ley, this was a phase of com -
mon cut ting off and paludification of the Bia³a and Czarna Nida
me an ders. Dat ing of subfossil pine trunks found in situ in the

bot tom parts of the suc ces sion in di cates that the floodplain area 
(still be fore peatland for ma tion) was cov ered with pine for est. In
the de pos its, a cold and hu mid cli ma tic event ~8.2 ka cal BP is
marked by a flood ho ri zon: a thin illuvial ho ri zon was formed in
the peats, and the flood wa ters de liv ered sig nif i cant amounts of
me tal lic el e ments (Fe, Mn, Cu, Zn, PB) to the peatland, sourced 
from a nat u ral ore de posit on the nearby Miedzianka Mt.

 The long-term sup ply of clastic sed i ment to the peatland,
and the for ma tion of the illuvial ho ri zon in the peat dur ing the pe -
riod 7348–5827 cal BP, were as so ci ated with in crease in cli -
mate hu mid ity dur ing the Ho lo cene cli ma tic op ti mum
(~6500–5900 cal BP). The river’s flu vial ac tiv ity is in di cated by a 
sud den in crease in the con cen tra tion of heavy metal el e ments
in the peat. The dis tri bu tion of ra dio car bon dates and the de -
gree of peat humification in di cate the pos si ble pres ence of a
sed i men tary hi a tus (of un de ter mined time range), likely caused
by marked des ic ca tion of the peatland at ~4.2 ka (a cold, ex -
treme event). The long-term des ic ca tion of the peatland fa -
voured the en croach ment of bog pine wood land onto the
peatland. This is in di cated by a subfossil pine trunk dated to
2964–2632 cal BP, with very nar row tree rings, the fall of which
could have been re lated to the 2.8 ka event, when a phase of
par tic u larly in tense ero sion was re corded in the up per Nida val -
ley.

In the up per parts of the peatland, formed from clayey and
highly de com posed peat (in ef fect re flect ing peatland flood ing),
subfossil pine stumps oc cur, based on which pine float ing chro -
nol o gies were de vel oped (1360–1187 mod. cal BP and
1158–976 mod. cal BP). These are rem nants of bog pine wood -
land that en croached on the peatland (ger mi na tion phase) dur -
ing dry ing of the peatland. The ris ing wa ter level in the peatland
dur ing the in crease in cli ma tic hu mid ity and the flood ing of its
sur face by shal low flood waters from the Bia³a Nida River (as in -
di cated only by illuvial lev els in the peat, in the ab sence of
clastic lev els typ i cal of strong floods) re sulted in tree dy ing-off
phases and fall ing tree stumps, which were later bur ied in the
sed i ments. Thus, subfossil pine wood bur ied in the Mosty
peatland de pos its was as so ci ated with the pine wood land that
cov ered the floodplain of the Nida River (be fore peatland for ma -
tion), and bog pine wood land, de vel oped in var i ous stages of
peatland for ma tion.
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