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Multiproxy data (plant macrofossils, AMS 14C ra dio car bon dates, grain-size dis tri bu tion, loss-on-ig ni tion and mag netic sus cep ti bil -
ity) from Lake Udriku Suurjärv in North Es to nia were used to in ter pret lo cal en vi ron men tal changes dur ing the postglacial pe riod be -
tween 13 800 and 11 000 cal yr BP.  Sed i ment li thol ogy is com plex but can roughly be de scribed as silt over lain by silty gyttja, gyttja
and peat. The macrofossil di a gram shows the lo cal veg e ta tion de vel op ment from Late Gla cial pi o neer com mu ni ties to early Ho lo cene
com mu ni ties. The veg e ta tion suc ces sion started pre dom i nately with Salix po laris, which was later re placed by Dryas octopetala. The
di ver sity of plant macrofossils in creased sig nif i cantly dur ing the warmer part of the AllerÝd. Both the di ver sity and the num ber of
plant macrofossils are low in the Youn ger Dryas, con firm ing the se vere cli ma tic con di tions found dur ing this in ter val. Dur ing the Late
Gla cial to Ho lo cene tran si tion, aquatic taxa pre vail among plant macrofossils. The ab sence of tree re mains among macrofossils of this
pe riod sug gests that trees were not lo cally pres ent or were not grow ing near the stud ied lake. Proxy data in di cate sev eral en vi ron men -
tal changes. The sed i ment com po si tion and veg e ta tion re flect cooler and warmer ep i sodes and con firm that the study area has been free 
of ice since 13 800 cal yr BP. 
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INTRODUCTION 

Palaeo eco logi cal stud ies that com bine lithological,
palaeobotanical and ra dio car bon data have suc cess fully de ter -
mined  ice re ces sion chro nol ogy and Late Gla cial stra tig ra phy.
The Late Gla cial strati graphi cal sub di vi sion of Es to nia com -
prises two stadials (Older Dryas and Youn ger Dryas) and one
interstadial (AllerÝd), which are dis tin guished mainly on the
ba sis of palynological data (Pirrus, 1976; Pirrus and Raukas,
1996). Their chronostratigraphical po si tion has been es tab -
lished by a few ra dio car bon dates, thermoluminescence (TL),
op ti cally stim u lated lu mi nes cence (OSL) and 10Be dat ing of
tills and other glacigenic de pos its and er ratic boul ders (Raukas
and Stankowski, 2005; Kalm, 2006; Rinterknecht et al., 2006;
Sohar and Kalm, 2008). Biostratigraphical re cords in North Es -
to nia have largely dealt with Ho lo cene veg e ta tion dy nam ics
(e.g., Veber, 1961, 1965; Saarse, 1994; Saarse and Liiva, 1995; 
Saarse et al., 1998; Kangur, 2005), while Late Gla cial bio- and
chronostratigraphy has re ceived lim ited at ten tion. Up to now
only at the Haljala site, 24 km north-east of Udriku, have pol len 

and chronostratigraphy been stud ied in de tail (Saarse et al.,
2009). There are two main rea sons why ra dio car bon dates di -
rectly as so ci ated with biostratigraphical stud ies of the Late Gla -
cial are not com mon. Our Late Gla cial de pos its are
minerogeneous and con tain only scarce ter res trial macrofossils
suit able for ra dio car bon dat ing. This mostly con cerns North ern
and West ern Es to nia where varved clays are widely dis trib uted. 
At the same time, macrofossil anal y ses have re mained un ex -
ploited due to a short age of an a lysts and there fore only a few re -
cords are cur rently avail able from North Es to nia for the Late
Gla cial pe riod (Sohar and Kalm, 2008; Saarse et al., 2009).
Some ran dom dates from Late Gla cial de pos its are avail able,
but most are too old as the dat ing was per formed on aquatic
mosses (Pirrus, 1976; Saarse and Liiva, 1995; Pirrus and
Raukas, 1996). 

The pres ent in ves ti ga tion is part of an on go ing pro ject en ti -
tled “En vi ron men tal and cli mate changes and their mod el ling
pos si bil i ties on the ba sis of postglacial de pos its”.The main ob -
jec tive of the pres ent pa per is to ad just Late Gla cial chro nol ogy
and ex am ine the lo cal veg e ta tion suc ces sion to better un der -
stand the re gional en vi ron men tal and cli ma tic vari abil ity in



North Es to nia. Data on plant macrofossils, loss-on-ig ni tion
(LOI) and li thol ogy and AMS 14C dates was used to es tab lish
Late Gla cial palaeoenvironmental changes.

STUDY AREA

Lake Udriku Suurjärv was ex am ined to ad just the age of the 
Pandivere ice mar ginal zone and the chro nol ogy of the Late
Gla cial de pos its (Fig. 1). This lake was se lected for the study
be cause of the pres ence of Late Gla cial clayey de pos its con -
tain ing plant macrofossils (Saarse, 1994) suit able for AMS 14C
dat ing. The study area is lo cated within the Pandivere ice mar -

ginal zone (Fig. 1A) and has an es ti mated age of 13 300 cal
yr BP (Kalm, 2006). Three Udriku lakes (Suurjärv, Väikejärv,
and Mudajärv) lie in a V-shaped de pres sion be tween the
Ohepalu–Viitna and Pikassaare–Ohepalu esker ridges
(Fig. 1B). These lakes were dammed by esker ridges and their
wa ter level was 4 m higher than in Lake Kaanjärv, which is be -
hind the ridge (Fig. 1B). 

Udriku Suurjärv is a small (23.7 ha), shal low (6.8 m) lake in
NNW Es to nia (59°22’17” N, 25°55’50” E) at an al ti tude of
95.1 m a.s.l. and on the NNW slope of the Pandivere Up land
(Fig. 1). The hummocky and roll ing land scape on the lake catch -
ment ranges to 115.2 m a.s.l. and mainly com posed of sand and
gravel, while the sur round ing low land is cov ered by peat de pos -
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Fig. 1. Lo ca tion of the study area (A), and cor ing site (B)

The study site is lo cated within the Pandivere ice mar ginal zone, in di cated by a black line on Fig ure 1A.
The Udriku lakes are lo cated be tween esker ridges and are sur rounded by the Udriku bog. The sim u lated
coast line of the Bal tic Ice Lake stage A1 is shown by a thick grey line (B). The ques tion marks point to as -
sumed spill ways be tween Udriku Ba sin and the Bal tic Ice Lake (BIL)



its (Fig. 1B). Peaty shores of the lake are strongly abraded and
pine trunks and peat cover the nar row NW lit to ral zone. In the
SW part of the re gion, the Pikassaare–Ohepalu esker bor ders the
coast and forms the sandy shore. This elon gated, dystrophic lake
is poorly drained. It re ceives in flow from Lake Udriku Väikejärv 
and weak tem po ral out flow oc curs via a ditch and the Palaoja
Stream (Fig. 1B) to a river in the west. The lake wa ter is red -
dish-brown, mildly acidic (pH 6.0), rich in or ganic (33–38 mg
l–1O2) com pounds and poor in min eral (<10 mg l–1) com pounds
and wa ter plants (3 taxa; Mäemets, 1968).

The study site be longs to the Boreo-Nemoral Zone, where
Betula pendula, Pinus sylvestris and Picea abies are pre dom i -
nant. The esker ridges are cov ered by a mixed for est of Picea
abies, Betula pendula, Acer platanoides, Populus tremula,
Fraxinus ex cel sior, etc. and Pinus sylvestris which grows in the 
bog. The cli mate in this re gion is semi-con ti nen tal. Ac cord ing
to the near est me te o ro log i cal sta tion, the area has a mean July
tem per a ture of 16.5°C, a mean Jan u ary tem per a ture of –6.7°C
and mean an nual pre cip i ta tion of 670 mm yr–1 (Jaagus, 2002). 

MATERIAL AND METHODS  

Stud ies car ried out dur ing the win ter of 1989 pro vided a
good un der stand ing of the lac us trine sed i ment dis tri bu tion.
Cor ing in the win ter of 2009 was per formed along a pro file
de scribed ear lier (Saarse, 1994). The sam pling site was cho -
sen to be in the mid dle of the lake at a wa ter depth of 4.4 m
(59° 22’17” N, 25°55’50” E), where Late Gla cial clayey de -
pos its ap peared to be thick est. Five over lap ping core seg -
ments were ex tracted us ing a 1 m long and 10 cm di am e ter
Rus sian peat sam pler. The cores were de scribed and pho to -
graphed in the field, wrapped in plas tic, trans ported to the lab -
o ra tory and stored in a cool room. The mas ter core was sub -
ject to all anal y ses. As silt was very poor in macroremains,
ma te rial from par al lel cores, vi su ally cor re lated with the mas -
ter core, was used for anal y ses of plant macrofossils.
One-centi metre thick sam ples for loss-on-ig ni tion (LOI) anal -
y ses were taken con tin u ously, while 1 cm thick sam ples to de -
ter mine grain-size dis tri bu tion were taken at 10 cm in ter vals.
Bulk sam ples for LOI were weighed, dried over night at
105°C and combusted at 525 and 900°C to cal cu late mois ture, 
or ganic mat ter (OM), car bon ate and min eral com pounds. The
re sult ing LOI di a gram was de signed us ing the TILIA and
TGView pro grams (Grimm, 1991, 2000). The grain-size dis -
tri bu tion for 19 sam ples was ana lysed us ing the Partica la ser
scat ter ing par ti cle size dis tri bu tion analyser LA-950V2. The
mag netic sus cep ti bil ity was mea sured with a Bartington
MS2E me ter. The sed i ment sur face was cleaned with a mi cro -
scope glass slide, cov ered by a thin plas tic film and the mag -
netic sus cep ti bil ity was mea sured from the sed i ment sur face
at 1 cm res o lu tion.

Macrofossils were ex tracted by soak ing 5 cm thick sam ples 
(with a vol ume range of 160–300 cm3 and a mean vol ume of
210–220 cm3) in a wa ter and Na4P2O7 so lu tion and then by
siev ing the ma te rial through a 0.25 mm mesh. The sed i ment
vol ume was mea sured in wa ter us ing a grad u ated cyl in der.
Thirty one sam ples were pre pared for anal y sis and were treated 

ac cord ing to the method pro posed by Birks (2001). Plant re -
mains were iden ti fied un der a bin oc u lar mi cro scope and their
abun dance was ex pressed as con cen tra tion by vol ume. The
macrofossil di a gram with all of the iden ti fied taxa was plot ted
us ing the TILIA and TGView pro grams. 

Three AMS ra dio car bon dates from ter res trial plant re -
mains and one date from bulk gyttja were ob tained via the
Poznań ra dio car bon lab o ra tory and pro vide a chro nol ogy for
the core stud ied. Taxa oc cur ring in pi o neer veg e ta tion were se -
lected for AMS 14C dat ing to ex clude con tam i na tion by youn -
ger ma te rial and to re duce the dan ger of us ing re worked ma te -
rial (Ammann and Lotter, 1988). As re cent Late Gla cial
chronostratigraphy is pre sented in cal en dar years (Lowe et al.,
2008), AMS dates are cal i brated and then pro vided in cal en dar
years us ing the cal i bra tion data set from Reimer et al. (2004)
and the CALIB 5.0.1 soft ware (Stuiver et al., 2005). 

RESULTS AND INTERPRETATION

CHRONO- AND LITHOSTRATIGRAPHY

Al to gether four lev els in the Udriku sed i ment se quence
were dated by the AMS 14C tech nique. Three datings of ter res -
trial macrofossils have age con sis tent with sed i ment depth. The
date de ter mined from bulk gyttja at the top of the se quence
(10 190 ±50) was older than the AMS 14C date be low (10 ±60)
and not in agree ment with the Preboreal–Bo real limit fixed by
pol len anal y ses (Veber, 1965; Saarse, 1994). This led to its re -
jec tion from the age-depth model (Fig. 2B). Con sid er ing the
rapid change in the sed i ment struc ture and the num ber of
counted laminae, we sug gest that the basal por tion of the sed i -
ment (800–828 cm) was de pos ited rather quickly, dur ing a
roughly 50 year pe riod.  

On the ba sis of LOI and grain-size dis tri bu tion re sults,
five lithological units have been iden ti fied in the Udriku se -
quence (Fig. 2A). The sed i ment col our changed from black at
the top through brown ish black, ol ive-grey and green-grey, to
grey and dark grey at the bot tom of the se quence. The brown -
ish, green ish and ol ive-grey colours in di cate oxic con di tions,
whereas the grey ish col our in di cates anoxic con di tions
(Hahne and Melles, 1997). 

Unit Ud-1, 828–800 cm. The base of the se quence stud ied
con sists of lam i nated clayey silt and is shown by the al ter na tion
of beige-col oured fine sand with dark grey clayey silt. The low -
est por tion of sed i ment (828–820 cm) has a high clay frac tion,
with val ues rang ing up to 27% (Fig. 3). Up wards in the se -
quence, the clay frac tion de creases to zero. The AMS 14C date
(Ta ble 1) shows de po si tion at the be gin ning of the AllerÝd
Interstadial (Fig. 2A). 

Unit Ud-2, 800–780 cm. This unit is dark grey sandy silt
con tain ing few plant re mains, up to 32% sand, 68% silt, and
4–10% OM. The mois ture and OM con tent show peaks at 782
and 790 cm.

Unit Ud-3, 780–755 cm, is dark grey weakly lam i nated silt
with a lower OM value (3–6%; Fig. 2A) than in the pre vi ous
unit. The sand frac tion de creased to 13–16%, while the silt
frac tion in creased to 83–87% (Fig. 3). 
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Unit Ud-4, 755–675 cm, is silt rich in plant re mains with
5–10% OM, 17–28% sand and 71–83% silt. Two AMS ra dio -
car bon dates, 12 770–12 410 cal yr BP and 11 750–11 405 cal
yr BP (Ta ble 1; Fig. 2B) pro vide ev i dence of de po si tion dur ing
the Youn ger Dryas Stadial. Five beige sandy lay ers at the basal
part of unit Ud-4 co in cide with the AllerÝd/Youn ger Dryas
bound ary.

Unit Ud-5, 675–650 cm, is dark brown gyttja that grades to 
silt at its lower limit. Sed i ments in Ud-5 con tain 14–20% sand,
80–86% silt (Fig. 3), and up to 90% OM (Fig. 2A). 

All sam ples from the Late Gla cial time pe riod were over -
whelm ingly dom i nated by high silt frac tions, with val ues
rang ing from 61 to 86% of the to tal grain-size dis tri bu tion
(Fig. 3B). The car bon ate con tent was very low, with val ues of
1–2%, through out the sed i ment core stud ied and the mois ture
con tent was in ac cord with the OM con tent (Fig. 2A). The av -
er age sed i men ta tion rate was about 0.69 mm yr–1dur ing the
AllerÝd Interstadial but de creased to 0.45 mm yr–1 dur ing the
Youn ger Dryas.

The mag netic sus cep ti bil ity val ues were high est in the basal 
lam i nated clayey silt layer (Ud-1), de creased in the up per most
silty de pos its and were zero in the gyttja where the min eral par -
ti cle con tent de creased from 40 to 20% (Fig. 2A). The most
dis tinct change in mag netic sus cep ti bil ity was re corded at the
tran si tion from lam i nated clayey silt (glaciolacustrine sed i -
ment) to sandy silt (limnic sed i ment). 

MACROFOSSILS

In the cur rent study, at ten tion was paid to macrofossil as -
sem blages in the Late Gla cial sed i ments (Fig. 4), which are a
good in di ca tor of lo cal veg e ta tion and wa ter level changes
(Digerfeldt, 1988; Gaillard and Birks, 2007). Be sides taxa, the
con tent of coarse de tri tus is a valu able com po nent in
macrofossil anal y ses. This is be cause sed i ment de pos ited in
shal low wa ter and close to the shore con tains a larger amount of 
coarse de tri tus from ter res trial plant re mains than deep-wa ter
sed i ments do (Digerfeldt, 1988). The sec tion ana lysed cov ers
the ap prox i mate time span of 13 800–11 000 cal yr BP (Fig. 4).
The tem po ral res o lu tion of plant macrofossil sam ples was high, 
es pe cially in the low er most por tion where ap prox i mately two
hun dred years are rep re sented by seven sam ples (Fig. 4). The
plant macrofossil as sem blage from Lake Udriku con sists of 25
plant spe cies and gen era, with the dom i nant spe cies typ i cally
rep re sented by cold-tol er ant and bo real plants. Two Charales
were also iden ti fied. The macrofossil di a gram was di vided into
five zones and dis played sev eral sharp changes (Fig. 4). 

In the low er most zone MA-1 (828–800 cm) five plant taxa
were rec og nized: in di vid ual Silene sp., Ranunculus sect
Batrachium and Nitella, a small num ber of Dryas octopetala
and abun dant Salix po laris leaf frag ments (Fig. 4). One sam ple
also con tained cladoceran (Daph nia) re mains. The num ber of
Salix po laris de creased sharply and the Dryas octopetala curve
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Fig. 2. Lithostratigraphy and mag netic sus cep ti bil ity
of the core stud ied (A); age–depth model 

of Lake Udriku Late Gla cial sed i ments (B)

The top most AMS 14C date from bulk gyttja is not con sid ered,
as it does not agree with the fol low ing dates



in creased at the zone up per limit. At the core depth of
822–821 cm in creased coarse de tri tus has been ob served.

In zone MA-2 (800–780 cm) seven dif fer ent plant taxa
were re corded, with Dryas octopetala leaves and Daph nia spp. 
ephippia be ing pres ent through out. 

The next zone MA-3 (780–755 cm) was rich in
macroremains and a to tal of 18 taxa were iden ti fied. Dryas
octopetala, Ranunculus sect Batrachium and Nitella were rep -
re sented con tin u ously and had max ima in this zone, but other
taxa (Poaceae, Asteraceae, Saxifraga etc.) oc curred spo rad i -
cally and in low amounts. Daph nia spp. ephippia was still con -
tin u ously pres ent. 

Zone MA-4 (755–705 cm) was char ac ter ized by a low
abun dance and num ber of plant re mains. Only Nitella was
pres ent through out the lower por tion of the zone, but it de -
creased abruptly at a core depth of 740 cm. In the up per por tion
of the zone (735–705 cm), the light-de mand ing Dryas octo -
petala re ap peared and has a slight peak, whereas Ranunculus

sect Batrachium and Nitella oo spores dis ap peared. The to tal
num ber of iden ti fied fos sils de creased to six. Daph nia oc curred 
only spo rad i cally in this zone. 

In the top most zone MA-5 (705–675 cm) dif fer ent spe cies
of Potamogeton ap peared and the Ranunculus sect Batrachium 
con cen tra tion in creased slightly. Potamogeton filiformis is re -
garded as an alkaliphilous spe cies, which oc curs to day in the
large Es to nian lakes Peipsi and Vártsjärv as a relic from the
Late Gla cial pe riod (Mäemets, 2002).  The top most por tion of
sed i ment 675–650 cm (unit Ud-5) was not ex am ined.

DISCUSSION

DEGLACIATION PATTERN

The cal i brated ra dio car bon ages from ter res trial
macroremains were in cor rect strati graphic or der and con -
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Fig. 3. Grain-size dis tri bu tion of Lake Udriku sed i ments (A) with in di ca tion of the sum mary grain-size (B)



strained the start of the lac us trine sed i men ta tion. The
age-depth model pre sented in Fig ure 2B is in good agree ment
with the model from the Haljala site (Saarse et al., 2009), sup -
port ing the idea that ice re treated from the north ern slope of
the Pandivere Up land not later than 13 800 cal yr BP. This is
300–500 years ear lier than pre vi ously sug gested (Vassiljev et
al., 2005; Saarse et al., 2007; Rosentau et al., 2009). The ice
re ces sion could have oc curred even ear lier, as lac us trine sed i -
men ta tion may be de layed by a hun dred years (Warner et al.,
1991). The AMS 14C dates from Udriku and Haljala were con -
sis tent with the ice po si tion chart, which in di cates that the
Udriku area deglaciated at al most the same time as Haljala
(Ramsay, 1929; Rähni, 1961).

The esker ridges, kame fields and the Udriku de pres sion
be tween them were formed dur ing the ice re treat from the
north ern slope of the Pandivere Up land (Fig. 1). Ob vi ously,
eskers melted out of the ice first and were fol lowed by kame
fields and glaciodepressions. The AMS 14C date from the basal
clayey silt (803–798 cm, 13 750 ±85 cal yr BP, Poz-30430)
matches the AllerÝd age and cor re sponds to the OSL date for
sand from the Pikassaare kame field (13 700 yr BP; Raukas and 
Stankowski, 2005). How ever, the AMS 14C date is about 700
years older than the 10Be date (13 060 ±1120, EST-12;
Rinterknecht et al., 2006) of the Kallukse Lodikivi boul der
from 7.5 km east of Lake Udriku. Thus, we sug gest that the
Lake Udriku Ba sin was es tab lished not later than 13 800 cal
yr BP as a shel tered bay of the Bal tic Ice Lake (BIL), which
(ac cord ing to re con struc tion) in vaded ar eas be low 90 m a.s.l.
(Vassiljev, pers. comm.). The palaeogeographic re con struc tion 
did not firmly es tab lish the con nec tion be tween the BIL and the 
Udriku Ba sin, as the thresh old of the lat ter is cov ered by peat of 
un known thick ness. There fore, peat was not re moved from the
sim u lated wa ter sur face and the pos si ble spill ways in Fig ure 1B 
are de noted by a ques tion mark. How ever, lam i nated sed i ments 
in the bot tom of the Udriku Ba sin, which were de pos ited when
the rem nants of the ice melted, in di cate a con nec tion be tween
Udriku Ba sin and the BIL.  

PALAEOENVIRONMENTAL CHANGES 

ALLER�D

The Lake Udriku sed i ment re cord be gan 13 800 cal yr BP
with clayey silt de po si tion con tain ing low amounts of OM
(Fig. 2A). The minerogenic ma te rial con tent, car ried into the
ba sin from the melt ing ice rem nants and sur round ing esker

ridges, was high. The macrofossil di a gram is rel a tively poor in
taxa (MA-1, Fig. 4), in di cat ing periglacial con di tions with
nearly bare ground close to a wide spread oc cur rence of dead
ice and per ma frost. The dom i nant spe cies was Salix po laris,
which has been re ported as a pi o neer ing dwarf shrub in stud ies
of north ern ar eas (Birks, 1994) and South ern Swe den and Den -
mark (Bennike et al., 2004).  How ever, these typ i cal snow-bed
dwarf shrub leaves may be over-rep re sented in sed i ments due
to their large num ber and good preservability (Korsager et al.,
2003). As sed i men ta tion took place in a la goon of the BIL, the
past lake level, the high sed i men ta tion rate and bar ren soils may 
have also in flu enced the macrofossil com po si tion (Väliranta,
2006a, b).

A sharp in crease in the sandy frac tion at a core depth
800 cm (ca. 13 700 cal yr BP) ob vi ously cor re sponds to the iso -
la tion con tact that re sulted in the sep a ra tion of Lake Udriku
from the BIL and the for ma tion of dif fer ent wa ter bod ies. At
this con tact, the sand frac tion con tent in creased from 18 to 31% 
(Fig. 3B) and the mag netic sus cep ti bil ity de creased con sid er -
ably (Fig. 2A), in di cat ing a change in the sed i ment source dur -
ing the iso la tion event. At the same time, a no ta ble change in
the veg e ta tion as sem blages oc curred: Salix po laris re mains dis -
ap peared al most com pletely and were re placed by Dryas
octopetala, which is an other plant spe cies com mon in Late Gla -
cial sed i ments (MA-2, Fig. 4). The re main der of the plant as -
sem blages con sisted of a few grasses and sedges. Ac cord ing to
Lowe et al. (2008), this cor re sponds to GI-1b, a short cool ing
ep i sode within the so-called AllerÝd warm ing. 

The next zone (MA-3, Fig. 4) is char ac ter ized by a vari able
veg e ta tion suc ces sion. The dom i nant ter res trial spe cies was
still Dryas octopetala, oc cur ring among rel a tively abun dant
macroremains. The as sem blage con sist ing of Papaver, Rumex
and two spe cies of Saxifraga re flects suit able con di tions for the
de vel op ment of vari able ter res trial plant cover. Con versely, the
pres ence of telmatic spe cies such as Carex, Juncus and Luzula
in di cates the prox im ity of wet land. In this zone, aque ous or gan -
isms were also rep re sented in larger num bers. Ranunculus sect
Batrachium seeds were abun dant, as were oo spores of the
stonewort ge nus Nitella. Both of these aquatic spe cies are com -
mon colo nis ers of newly formed wa ter bod ies and are usu ally
found in large quan ti ties (Birks, 2000). In the Udriku se quence, 
Nitella was first re corded at about 13 800 cal yr BP and
Ranunculus sect Batrachium ca. 13 750 cal yr BP, but their
max ima oc curred later: Nitella had a peak ca. 13 000 cal yr BP,
and Ranunculus sect Batrachium peaked at the end of the
AllerÝd (Fig. 4). As for wa ter plants, Potamogeton filiformis
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T a  b l e  1

AMS 14C dates from the Lake Udriku se quence

Sam ple depth
[cm]

14C age [yr BP] Lab. num ber Cal. 14C age [yr BP]
68% prob a bil ity Dated ma te rial

675–673 10 190 +50 Poz-31429 11 990–11 805 Bulk gyttja

705–700 10 060 +60 Poz-30769 11 750–11 405 Dryas leaves

750–745 10 590 +60 Poz-30429 12 770–12 410 Dryas leaves

803–798 11 890 +80 Poz-30430 13 835–13 665 Dryas leaves
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seeds were found, which have a short lag time be cause they are
gen er ated ev ery year, are dis persed by wa ter and are there fore
not de pend ent on soils (Iversen, 1954). The mean July tem per -
a ture could have been about 8–10°C con sid er ing the tem per a -
ture re quire ments that al low Potamogeton filiformis and
Ranunculus sect Batrachium to gen er ate dur ing this warmer
ep i sode (Isarin and Bohncke, 1999; Gaillard and Birks, 2007).
In con clu sion, the in creased tem per a ture dur ing the AllerÝd
warm ing ob vi ously af fected wa ter plant dis tri bu tion in Lake
Udriku and ac cu mu la tion of or ganic de bris in the sed i ments.
The light-de mand ing Dryas octopetala was pres ent in sig nif i -
cant amounts and the land scape around Lake Udriku was likely 
open dur ing this pe riod.

YOUNGER DRYAS 

The tem per a ture de creased dur ing the Youn ger Dryas
stadial (12 700–11 600 cal yr BP), es pe cially in win ter time
(Denton et al., 2005), due to a shift of the North At lan tic po lar
front (Bard et al., 1987; Al ley, 2000), which brought about the
dom i nance of herb and shrub veg e ta tion, at least in the ar eas
sur round ing Haljala (Saarse et al., 2009). At the
AllerÝd–Youn ger Dryas lithostratigraphic bound ary (755 cm),
mois ture and OM con tent slightly in creased and min eral com -
pounds de creased (Fig. 2A). In creas ing sand frac tion pro por -
tions (Fig. 3) sug gest a low er ing of the wa ter level and the ero -
sion of the ex posed sandy shores to a greater ex tent than was
pre vi ously seen. The abun dance and di ver sity of macroremains 
de clined (MA-4, Fig. 4), as rel a tively cool cli mate in hib ited the
spread of aquatic plants and an i mals (Birks, 2000).

The re ac tion of veg e ta tion dur ing the Youn ger Dryas
stadial (Ma-4) can be sep a rated into two parts. Dryas
octopetala and Ranunculus sect Batrachium, two dom i nant
plant spe cies of the pre vi ous warm ing ep i sode, dis ap peared in
the lower part of MA-4 (Fig. 4). The macrofossils that were
found con sisted of a few spe cies of dif fer ent herbs and telmatic
plants (Potentilla sp., Juncus, Selaginella selaginoides) and a
de creased num ber of Nitella oo spores. In the up per part of
Ma-4, at 12 300 cal yr BP, Dryas octopetala re ap peared con -
firm ing tun dra-like con di tions. The drop in the abun dance of
Nitella oo spores in sam ples may in di cate un fa vour able wa ter
con di tions and pro longed ice cover (Birks, 2000; Kultti et al.,
2003). The es tab lish ment of tree less shrub tun dra with herbs,
es pe cially open hab i tat taxa, shows a re ver sal to colder and
drier con di tions (Pirrus and Sarv, 1968; Saarse et al., 2009) and 
is de scribed as “steppe tun dra” on the Karelian Isth mus
(Subetto et al., 2002). 

EARLY HOLOCENE

The be gin ning of the Ho lo cene is shown in the Udriku sec -
tion at 11 600 cal yr BP (705 cm) by a silt layer de po si tion
(Fig. 2A). The tran si tion from the Youn ger Dryas to the Ho lo -
cene is dis tinct in changes in plant com mu nity (MA-5, Fig. 4).
The char ac ter is tic arc tic spe cies, Dryas octopetala, al most
com pletely dis ap peared, while Ranunculus sect Batrachium
re ap peared to gether with dif fer ent spe cies of the ge nus
Potamogeton. The mean sum mer tem per a ture could have been

above 9°C, re fer ring to the Potamogeton perfoliatus mod ern
range limit at the Arc tic tree-line (Bennike et al., 2004). Daph -
nia ephippia and the first sin gle oospore of the ge nus Chara
were found in this zone.

The sed i men ta tion change in Lake Udriku at the
Preboreal–Bo real limit, about 11 000 cal yr BP, co in cides with
the start of peat ac cu mu la tion in the bog sur round ing the lake
(Veber, 1965). The top most black gyttja in Lake Udriku
(Fig. 2A) was mostly formed from de com posed or ganic de bris
and humic ac ids that in fil trated into the lake from the sur round -
ing bog. The el e men tal com po si tion of gyttja showed or ganic
car bon sat u ra tion (Corg – 44–58%), but a low con tent of ni tro -
gen com pounds (1.4–2.0%; Saarse, 1994). This el e men tal
com po si tion and C/N ra tio is typ i cal of peat and peaty gyttja
that is still de pos it ing in the lit to ral zone of a lake. 

TREE-LINE ADVANCES
 IN NORTHERN ESTONIA 

Tree-line dy nam ics dur ing the Late Qua ter nary have been
dis cussed in sev eral stud ies us ing plant macrofossil data or
mac ro scopic char coal (Wil lis and van Andel, 2004; Binney et
al., 2009). Un for tu nately, not much macrofossil data is avail -
able from the south-east sec tor of the last gla ci ation. Re cent
data from Lat via (Heikkilä et al., 2009) and South ern Es to nia 
adds in for ma tion about the re in tro duc tion of tree spe cies fol -
low ing the gla ci ation in the east ern Bal tic. Plant macrofossil
anal y sis from two lo cal i ties of South ern Es to nia con firmed
the re in tro duc tion of Betula sect Albae (tree birch) at
13 500–13 400 cal yr BP. The Lake Udriku re cord (about 200
km north of these lo cal i ties), how ever, did not show tree birch
im mi gra tion dur ing the Late Gla cial pe riod and thus sug -
gested lo cal tree less veg e ta tion. As the cor ing site is lo cated in 
the cen tral part of the lake, the macro fossil re cord can not ad e -
quately re flect veg e ta tion on the ter rain. In con trast to Udriku,
the Haljala pol len re cord in di cated that a woody tun dra en vi -
ron ment was al ready pres ent in the AllerÝd (Saarse et al.,
2009). The ground layer con tained Ar te mi sia, Cheno -
podiaceae, Poaceae, Carophyllaceae and Asteraceae, whereas 
Betula and Pinus could have formed sparse woody stands
where heliophytic spe cies had de vel oped (Saarse et al., 2009). 
Still, ac cord ing to Birks and Birks (2000), pol len data should
be han dled with cau tion in Late Gla cial stud ies.

In many stud ies fo cus sing on the Late Gla cial pe riod the veg -
e ta tion re cord be gins with aquatic plants (Birks, 2000; Wohlfarth 
et al., 2002; Subetto et al., 2002). This is not the case in Udriku,
where Salix po laris was the prev a lent macrofossil in the lower
part of the se quence. Aquatic plants were pres ent in larger quan -
ti ties later in the AllerÝd, but dis ap peared al most com pletely in
the Youn ger Dryas. Pat terns sim i lar to the Udriku macrofossil
re cord and plant suc ces sion were de scribed for Rus sian Karelia
(Lake Tambichozero), where lac us trine sed i men ta tion also
started 13 700 cal yr BP (Wohlfarth et al., 2002). The lower part
of the core con tained a plant com mu nity sim i lar to that of Lake
Udriku (dwarf shrubs, grasses, Nitella oo spores). An other sim i -
lar ity is the ab sence of trees dur ing the warm est pe riod of the
AllerÝd. The first oc cur rence of the seeds of Betula pubescens
(tree birch) in Lake Tambichozero was re corded at ap prox i -
mately 11 000 cal yr BP (Wohlfarth et al., 2002), but in the
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Llet-Ti site (Usa Ba sin, north ern taiga) it was al ready seen at ap -
prox i mately 12 700 cal yr BP (Väliranta et al., 2006). 

CONCLUSIONS

1. Plant macrofossils, AMS 14C dates and lithological pa -
ram e ters were used to in ter pret the en vi ron men tal his tory of
Lake Udriku from the Late Gla cial pe riod to the Ho lo cene. 

2. Five lithostratigraphical units were dif fer en ti ated. These
units vary in grain-size dis tri bu tion, LOI re sults and mag netic
sus cep ti bil ity.

3. The macrofossil di a gram shows the lo cal veg e ta tion de -
vel op ment from Late Gla cial pi o neer com mu ni ties to early Ho -
lo cene com mu ni ties.

4. By 13 800 cal yr BP, the sur round ings of Lake Udriku
were freed of ice. This is con firmed by the age and finds of
Salix po laris and Dryas octopetala rem nants in limnoglacial
sed i ments.

5. The di ver sity of iden ti fied plant taxa was high est in the

AllerÝd warm ep i sode be tween 13 100 and 12 700 cal yr BP
and de creased con sid er ably dur ing the Youn ger Dryas.

6. A dis tinct change in plant com mu nity at about 11 600 cal
yr BP indicates the ma jor cli ma tic warm ing.

7. Both the Haljala and Udriku sites show ev i dence that the
north ern slope of the Pandivere Up land deglaciated by 13
800 cal yr BP. This is ap prox i mately 500 years ear lier than has
been pre vi ously sug gested.
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