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ABSTRACT

Northern Kamchatka represents one of the most understudied regions of Berin-
gia in paleoecological research. To reconstruct vegetation dynamics, we analyzed
a peat core from Hadey mire using pollen analysis, tephrostratigraphy, and ra-
diocarbon dating. Our results indicate fpeat initiation at 12.7 kyr BP, followed
%y a 2.5 kyr hiatus due to deposition of the Ozernovsky tephra at 12.6 kyr BP.

wo pronounced decreases in peat accumulation rates correlate with warm-dry
periods across the peninsula. Late Pleistocene pollen assemblages record alder
shrublands and meadow-tundra vegetation indicative of cold climate. Birch fo-
rests became dominant after 4 kyr %P, whereas the establishment of dwarf pine
communities occurred later, around 2 ka BP. Regional comparisons suggest a
south-to-north migration pattern for birch forests whereas the expansion of
dwarf pine occurred from two primary centers: the central part of the Sredinny
Range and the Koryak Mountains.

Keywords: vegetation reconstruction, pollen analysis, tephra, volcanos, north Kamchat-
ka, peat sediments, Pleistocene, Holocene

PE3IOME

ITumenos B.E., ITessuep M.M., Kapumos T.A., Heuymkun P.I., IToae-
myk A.B., Hexpacopa A.M. Aunammuka pacTureAbHOCTH ceBepHOM Kam-
yaTku (ceBepo-BOCTOK Poccun) B MO3AHEM IAEHCTOLIEHE M FOAOIIEHE II0
AAQHHBIM CIIOPOBO-TIBIABIIEBOro aHasmu3a. CesepHad KamuaTka mpeacraBaser
cOOOIT OAUH U3 CAMBIX MAAOU3YYICHHBIX PErHOHOB 3armaAHOM Bepunrnm B kon-
TEKCTE ITAACOIKOAOTHYCCKUX HCCACAOBAHMN. AAS PEKOHCTPYKIINN AMHAMEKI
gaCTI/ITCAbHOCTI/I MBI IIPOAHAAU3UPOBAAU TOP@AHBIE OTAOKEHHUSA BEPXOBOIO

0AOTa XaACH TIPUMEHHB METOABI CITOPOBO-ITBIABIIEBOTO aHAAH33, TeppocTpa-
TUIpaUU U PAAHOYIACPOAHOTO AATHpOBaHUsA. Topd OHAKOIIACHHE HAYAAOCH
12,7 teIC. A.H., OAHAKO BhITaAeHne Tedppsr O3eprOBCKOro motoka (12,6 Teic. A.H.)
IIPHBEAO K IICPEPHIBY Topdoobpazopanud B 2,5 1eic. AeT. [To AaHHBIM MOAEAT
BO3PACT-TAYOHHA IIEPUOABI CHEDKEHHA CKOPOCTH OCAAKOHAKOIIACHUA COOTBET-
CTBOBAAH ITEPHOAAM OOAEE TEIIAOTO B CYXOTO KAIMATA B TOAOIICHE. Pe3yAbTaTHI
ITBIABIIEBOTO AHAAM32 ACMOHCTPUPYIOT AOMHHHPOBAHHE COODITIECTE OABXOBOTO
CTAAHHKA U TYHAPOBBIX IICHO30B B IIO3AHEM ITACHCTOIIEHE, YTO CBHACTEABCTBY-
€T O XOAOAHOM KAnMate. bepe3oBbie Aeca cTaAn AOMHHHPOBATH Ha H3y9aeMOM
TEPPUTOPUHU AHIID 4 TEIC. A.H., B TO BpPeMA KaK PACIIPOCTPAHEHIE KEAPOBOTO
CTAQHHKA TPOMZOTIIAO TIO3KE, OKOAO 2 ThIC. A.H. COMOCTABACHHE MTOAYIEHHBIX
AAQHHBIX I PETHOHAABHBIX PEKOHCTPYKIUI II03BOAUAO PEKOHCTPYUPOBATD ITyTH
pacrpocTpaHenus HEPE3OBBIX ACCOB C FOTa HA CEBEP TTOAYOCTPOBA, B TO BPEMA
KaK KEAPOBBEII CTAAHIK UMEA ABA IIEHTPA PACCEACHHA: IIeHTpaAbHAS yacTh Cpe-
AuHHOTO Xpebra n Kopskckoe maropne.

KaroueBnie CAOBA: PEKOHCTPYKIINA PACTHTEALHOCTH, IBIABIIEBOM aHAANS, Te(Dpa, ByAKa-
HEL, ceBepHad Kamuartka, TopsaHbIe OTAOKEHUA, IIACHCTOIICH, TOAOLICH

Tephrostratigraphic analysis is a crucial component of
comprehensive paleoecological studies in volcanically active
regions, such as the Kamchatka Peninsula (Northeastern
Russia) (Andreev & Pevzner 2001, Solomina et al. 2008, Pen-
dea etal. 2017). A multidisciplinary approach enables detailed
reconstruction of past environmental conditions while pro-
viding an integrated perspective on vegetation-climate-geolo-
gical process interactions and their long-term ecosystem-sha-
ping dynamics. Situated between the Pacific Ocean and the
Eurasian continent, coupled with its intense volcanic activity,
the Kamchatka Peninsula represents a critical area for recon-
structing vegetation and climatic changes in the Northern
Pacific region (Jones & Solomina 2015, Brooks et al. 2015).

Paleoenvironmental research in the Kamchatka Peninsula
beganin the second half of the 20th century, with palynological

studies conducted on over 25 Late Quaternary sediment sec-
tions across the peninsula. Despite these efforts, several areas
remain insufficiently studied or completely unexplored. Nor-
thern Kamchatka, characterized by harsh climatic conditions
and relative inaccessibility, is one of the least understood
regions in terms of paleoenvironmental history. It is repre-
sented by only four published paleoreconstructions based
on peat and lake sediments, covering the Middle and Late
Holocene (last 6 kyr). Additionally, data on Late Pleistocene
vegetation are extremely scarce, limited to two paleorecords
along the lower Kamchatka River (Pendea et al. 2017, Mu-
khametshina et al. 2022).

Consequently, the two main aims of this study are: (1)
to reconstruct the Late Pleistocene and Holocene vegetation
dynamics of northern Kamchatka using pollen analysis,
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and (2) to synthesize the obtained results with previously
published data to enhance insights into spatio-temporal
changes in vegetation across the entire Kamchatka Peninsula.

MATERIAL AND METHODS
Study area

The study site is a shrub-sedge oligotrophic mire located
along the bank of the Hadey stream — a right tributary of
the Lomutskaya River (57.523556°N 161.260111°E, 223 m
a.sl) (Fig. 1). According to the vegetation classification
by Neshataeva (2011), the mire is located at the boundary
between the Lower Kamchatka (birch—coniferous forest)
district and the northeastern coastal district which is
characterized by the predominance of dwarf shrub tundra
communities with dwarf alder (Aluus alnobetula subsp.
fruticosa (Rupr.) Raus) and Siberian dwarf pine (Pinus pumila
(Pall.) Regel), as well as mires dominated by Siberian dwarf
pine, shrubs, lichens, hypnum and sphagnum mosses (Ne-
shataeva 2011). Following Neshataev & Neshataeva (2018),
the study region is characterized by a moderately cold cli-
mate with a dry and cold summer. According to Kondratyuk
(1974), the climate of the atrea is characterized by a harsh
winter (-16 to -18°C in January) and a snow cover of up to
150 cm, a cool summer (11-12°C in July), and an average
level of humidity (600-700 mm per year).

To collect peat samples, a geological shaft was dug to a
depth of 200 cm in the southeastern relatively dry margin
of the mire. The peat deposit was composed of alternating
layers of peat and volcanic ash. The stratigraphy of the sec-
tion was described in the field, and tephra layers were iden-
tified (Fig. 2). Both the radiocarbon dates obtained and the
continuous tracking method for correlating tephra layers
wete employed for tephra identification. The correlation of
the tephra layers was based on a profile from the northwest
flank of Shiveluch Volcano (sections 1-6) (Pevzner 2010).

We performed radiocarbon dating on 11 peat samples
at the Geological Institute RAS using the standard method
(Pevzner 2015) on alkaline extracts from peat (Table 1).
Peat samples with a thickness of 2 cm were used for dating;
Using multiple dates from the same sample improves the
precision in determining the formation time of the 2 cm
peat layer. For calibration of radiocarbon dates and for the
calculation of the combined age for each sample, the R_
combine function in the OxCal v.4.4.2 software was used
(Bronk Ramsey 2009). To assess the sediment accumulation
rate at the Hadey section, an age-depth model was developed
using the rBacon package in the R environment (Blaauw &
Christen 2011). All ages, except as specifically noted, are
given in calibrated years.

To reconstruct vegetation dynamics, we performed pol-
len analysis of the same 11 peat samples used for radio-
carbon dating, following the standard method (Grichuk
1940). Pollen grains were extracted using a heavy liquid
HPS-W (heteropolyoxotungstates solution) with a density
of 2.2kg/m>. Lycopodinm spores (Batchnr. 1031) were added
as an exotic marker to determine the pollen concentration.
Pollen percentages were calculated relative to the total pol-
len sum excluding Cyperaceae, while spore percentages
were calculated relative to the sum of pollen and spores.
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Figure 1 Study area: a) Map of the study region with the location
of the Hadey mire on the Kamchatka Peninsula (marked with a
white dot), along with sites of published pollen-inferred paleo-
reconstructions; b) ESRI satellite image showing the location
of the coring site; ¢) Photograph of the study mire, taken at the
sampling site (photo by Maria Pevzner)
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Table 1. Radiocarbon dates of the Hadey peat deposits.

Ne GIN- Fraction*

Age (“Cyr BP)

Calibrated dates, BP, Combined calibrated dates,

Calibrated dates, BP**

medianto BP, medianto
2 1330+30 1260%40
1305-1265 (82.0
1 16108 1 1370430 1290430 1290430 12071177 513.53
2 1620430 1480+40
2 16109 1 1660+30 1550+60 1520%50 1573-1413 (95.4)
1 303030 3230160 3340-3286 (31.4
316110 2 3040130 325055 324051 2371 3100 od )
2 3490+30 3760%50 . ¢
4 16111 1 3550430 3850260 3780445 380973500 (6.
2 5030430 5810+70
5 16112 1 5100+30 5800+50 5820150 5901-5745 (95.4)
2 5880+30 6700+40 ~
6 16113 1 5990%30 6830%50 676040 5y (850%2)
2 6770+30 762030
7 16114 1 6880430 7710+40 7650%25 7695-7604 (95.4)
8979-8829 (19.9
2 7850+30 8600%60
8 16115 8720490 8784-8629 (72.2
1 7980+30 886090 862‘#86015(3.4)3
10203-10116 (51.8
1 8830+30 9890+120 4 .
o folle 2 906030 1022020 10130290 1888158?263}935&
% %8?38128 32381%8 12390+ 170%* 12655-12058 (95.4
10 16117 5 10330130 12540455 12540450 12664—12479 29514%
2 10540+30 12540460 1267512578 (42.3
11 1611 12540+ ~
o118 1 10540+30 12540%60 S40E60 1256012480 2534;

Notes: * — Radiocarbon dating was conducted on peat samples, with three types of fractions analyzed: 1 — cold alkaline extract, 2 — hot
extract from the residue of fraction 1, and 3 — plant detritus. ** — The most probable calibrated ages are reported, with the probability
percentages for each interval shown in parentheses. *** — GIN-16117-1 date was not combined with GIN-16117-2,3 due to the large

uncertainty associated with the cold alkaline extract result. BP refers to “before present”.

To compare the obtained results and conduct a spatio-
temporal analysis, we used published data (Table 2). We se-
lected only paleoecological reconstructions based on pollen
analysis that included radiocarbon dating or reliable tephro-
chronology. Most of the referenced pollen records are from
lake and peat deposits with a predominantly regional pollen
and lack a strong local component. Therefore, tree pollen
percentages in those records reflect regional vegetation dy-
namics. To ensure comparability with these datasets, we
excluded Cyperaceae pollen from the basic pollen sum in
our record, as sedge pollen is often overrepresented in local
mire conditions. Changes in the proportion of birch pollen
(Betula ermanii and B. platyphylla) and Siberian dwarf pine
(Pinus pumila) pollen across the Kamchatka Peninsula were
analyzed. For each site, we determined the age at which
birch pollen exceeded 10 % and Pinus pumila pollen excee-
ded 5 % in the spectra. These threshold values were chosen
based on the reproductive biology of the species and their
pollen dispersal characteristics (Mukhametshina 2024).

RESULTS
Stratigraphy and chronology

A dense, viscous light-gray loam, enriched with small gra-
vel, measuring 15 cm in thickness, lies at the base of the study
section (Fig, 2). Above this loam is a peat deposit with a total
thickness of 184 cm. The lowermost 7 cm of the peat consist
of slightly loamy material, while the bottommost 2 cm display
a pronounced admixture of loam, coarse sand, and fine gravel
originating from the underlying strata. These basal 2 cm were
not used for radiocarbon dating because peat-enriched loams
usually show much younger ages (Pevzner 2015).

Thirteen tephra layers >0.5 cm thick and 2-3 additional
layers (<0.5 cm) were identified within the peat deposit.
Most of these are marker tephras from distant volcanoes
(>100 km) — Shiveluch, Khangar and Ksudach — with indi-
vidual layer thicknesses not exceeding 4 cm. Additionally,
tephra from nearby volcanoes is represented by deposits
from the Kinenin maar (located 26 km from the sampling
site) and the Ozernovsky lava flow (38 km from the samp-
ling site). The tephra from the Ozernovsky flow (OZ) is
found in the lower part of the section, consisting of two ho-
rizons: the lower ochreous sands from a phreatomagmatic
explosion and the overlying black volcanic sands of a scoria
cone. Together, they have a combined thickness of 25 cm.

The results of radiocarbon dating of the Hadey peat de-
posits are presented in Fig. 2 and Table 1. In total, 23 radio-
carbon ages were obtained from 11 samples. For the con-
struction of the age-depth model, 11 combined dates were
used (Table 1). The date obtained from sample GIN-16117-
1 has a relatively large confidence interval, a situation com-
monly encountered when processing pootly decomposed
peat. Better preservation of plant remains is indicated by the
date GIN-16117-3, which was obtained from plant detritus
remaining after alkaline treatment of the sample (the only
such case in the entire section). Apparently, the weak de-
composition of the peat is due to its preservation beneath a
thick OZ tephra layer. Since eutrophic peat containing sedge
roots was used for determining the age of the lower part
of the deposit, dates GIN-16117 and GIN-16118 may be
rejuvenated (appearing younger than their true age). To more
accurately determine the age of peatland initiation and the
OZ eruption, we use the oldest calibrated ages derived from
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Table 2. Published paleoenvironmental reconstructions that were used to create Figure 6.

Ne Site name References Latitude Longitude
1 Ust-Khairyuzovo Peatland Dirksen et al, 2013 and references therein 57.10206 156.75579
2 Kirganik Tundra Peatland Dirksen et al, 2013 and references therein 54.87029 158.82042
3 Cherny Yar Peatland Dirksen et al, 2013 and references therein 56.22894 162.12357
4 Stolbovaya Peatland Dirksen et al, 2013 and references therein 56.71845 162.82562
5 Uka Peatland Dirksen et al, 2013 and references therein 57.78062 162.08374
6 Icha Peatland Dirksen et al, 2013 and references therein 55.67565 155.66082
7 Lifebuoy Lake Solovieva et al. 2015 59.10537 163.15718
8 Pechora Lake Andren et al. 2015 59.29387 163.12995
9 Olive-Backed Lake Self et al. 2015 56.20146 158.85881
10 Two-Yurts Lake Hoff et al. 2015 56.81550 160.05304
11 Sokoch Lake Dirksen et al. 2015 53.25266 157.75210
12 Utka Peatland Klimaschewski et al. 2015 53.25081 156.85395
13 Krutoberegovo Peatland Pendea et al. 2017 56.25000 162.70972
14 KamPlen Mukhametshina et al. 2022 56.34923 160.65625
15 Kich Peatland Mukhametshina et al. 2024 56.44075 160.9998
16 Kumroch Peatland Unpublished data 56.55234 161.81799
17 Hadey Peatland This study 57.52356 161.26011
(@) the age-depth model (Fig. 2). According
- to this model, peat accumulation at the
n studied mire began about 12.72 kyr BP,
| il and the OZ eruption occurred between
il = 12.65 and 12.6 kyr BP.
3 ] R The peat accumulation rate (PAR) data
| g were obtained using the age-depth model
c - 1 for the past 9 kyr (Fig. 3). Three distinct
eo] m— phases of reduced PAR were identified:
§‘9: T 7—6 kyr BP, 2.5-1.8 kyr BP, 1.25-0.25 kyr
4 6iis = BP. Maximum peat accumulation rates
. # were observed during the intervals of
8: 16116;; 9.0-6.9 kyr BP and 1.25-1.75 kyr BP.
' (Y4 Pollen analysis
| —|16‘|1716"8| — Eleven peat samples were used for pol-
12000 10000 8000 6000 4000 2000 len analysis. Each pollen spectrum is num-

Age, yr BP

Figure 2 The age-depth model (a) and stratigraphic scheme (b) of the Hadey peat deposit.
The calibrated 14C dates are shown in blue, darker greys indicate more likely ages, grey
dashed lines show 95% confidence intervals, the red dashed line shows the single ‘best’
model based on the mean age for each sampling depth and the grey horizontal line marks
the ash layers. Legend: 1, 2 — tephra from the Ozernovsky lava flow (OZ): BS — black
volcanic sands of a scoria cone; OS — ochtreous sands from a phreatomagmatic explosion;
3, 4 — tephra from Shiveluch volcano (with rounded "C ages): 3 — thin volcanic ash; 4 —
granular volcanic sand; 5 — marker ash layers from distant volcanoes: Kin — Kinenin maar
(~1.20 kyr), KS1 and KS2 — Ksudach (~1.65 and ~6.76 kyt), KHG — Khangar (~7.87 kyr)
(eruption ages after Portnyagin et al. 2020); 6 — peat; 7 — sand; 8 — loam
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Figure 3 The peat accumulation rate of the Hadey peat deposit. The blue line
represents the mean value, while the gray shading shows the 95% probability
interval. Darker areas correspond to higher probability values based on the age-
depth model. Dashed vertical lines indicate tephra layers from volcanoes: 1, 3, 5-10,
13 — Shiveluch; 2 — Kinenin maar; 4, 11 — Ksudach; 12 — Khangar

bered to correspond with the associated
radiocarbon-dated sample. The resulting
pollen diagram is presented in Fig. 4.
Samples 11 and 10 from the base
of the peat deposit (12.6-12.4 kyr BP),
exhibit similar pollen spectrum composi-
tions. The spectra are dominated by pollen
of Alnus alnobetula subsp. fruticosa, Betula
nana, Poaceae, Cyperaceae, Artemisia,
and Thalictrum. Sporadic occurrences of
other herbaceous taxa (Caryophyllaceae,
Polemoninm, Scrophulariaceae, and Che-
nopodiaceae) are also detected. Among
spores, Polypodiaceae and Egquisetum are
predominant, with occasional appea-
rances of Lycopodium and Sphagnum spores.
Samples 9-5 (10.0-5.8 kyr BP)
represent a distinct group. Although shrub
pollen remains dominant, these spectra
show a higher proportion of Thalictrum,
Rosaceae, and Poaceae, alongside a
decline in Artemisia. Meadow taxa, inclu-
ding Asteraceae, Fabaceae, Lamiaceae,
and Apiaceae, become motre prominent.
Among spores, Polypodiaceae are pre-
dominant in samples 8 and 9, while both
Polypodiaceae and Lycopodinm dominate in
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Figure 4 Pollen diagram of the Hadey peat deposits. Pollen percentages are calculated based on the total number of pollen grains excluding
Cyperaceae, while spore percentages are calculated based on the sum of pollen grains and spores
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Figure 5 Pollen concentration diagram of the Hadey peat deposits (pollen grains per 1 cm3 X 1000)

samples 7-5. A substantial quantity of diatom is also present
throughout samples 9-5.

Samples 3 and 4 (3.8-3.2 kyr BP) are characterized by
the dominance of tree birch pollen (Betula ermanii + B. platy-
phylla). There is also an increased proportion of Cyperaceae,
Ericaceae, and Sa/ix pollen. Occasional grains of broadleaf
trees (Tilia, Ulpns, Quercus) and Picea are present in sample 4.
Samples 1 and 2 (1.5-1.2 kyr BP) are distinguished by the
highest proportions of Betula ermanii + B. platyphylla, Pinus
pumila, Exicaceae, and Cyperaceae pollen.

Pollen concentration analysis in the spectra (Fig. 5)
showed that spectrum 11 from the base of the section, dated
to 12.7 kyr BP, is characterized by a lower concentration of
arboreal pollen compared to Holocene spectra. In sample 10
(located beneath the OZ tephra layer), the concentration
value is 3-5 times lower than in the preceding sample, al-
though the percentage composition of the pollen spectra
for these samples is similar (Fig. 3). At the boundary between
the Late and Middle Holocene (8.5-8.2 kyr BP), a general
increase in pollen concentration was recorded. Significant

changes in pollen concentration were also observed between
samples 1 and 2. While the proportions of major pollen
types remained consistent, the pollen concentration in
sample 1 was 2-2.5 times lower than in sample 2.

Botanica Pacifica. A journal of plant science and conservation. 2025. 14(2): 3-10

DISCUSSION
Peatland initiation and peat accumulation
dynamics

Radiocarbon dating showed peat deposition at the Hadey
site began approximately 12.7 kyr BP and was associated with
the Bolling-Allerod—Younger Dryas transition. It predates the
peatland initiation ages of most mires studied on the Kam-
chatka Peninsula (Zakharikhina 2014). Peat accumulation is
influenced by both the rate of sediment accumulation and
decomposition, which are primarily determined by moisture
conditions (Weckstrom et al. 2010, Lavoie et al. 2013, Quik
2023). A similar or even older age of peat initiation has been
determined for two mires in Kamchatka — the Nachiki site
(Pevzner 2015) and the Krutoberegovo site (Pendea et al.
2017), as well as for neighboring regions of the Russian Far
East — Chukotka (Lozhkin et al. 2011) and the Kuril Islands
(Razjigaeva et al. 2011). It suggests that the Kamchatka
Peninsula was characterized by sufficient moisture levels
during the last two millennia of the Late Pleistocene.

OZ tephra deposition (12.6 kyr BP) interrupted peat ac-
cumulation for approximately 2.5 kyr, with sedimentation re-
suming around 10.1 kyr BP. The dynamics of the peat accu-
mulation rate (PAR) during the Holocene (Fig, 3) indicate
that tephra deposition did not have a significant long-term
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impact on peat accumulation. However, the Ksudach 2 teph-
ra may have contributed to a temporary reduction in peat
accumulation rates. Other tephra layers did not noticeably
affect the PAR. Volcanic events can locally and temporarily
influence peat accumulation, but overall PAR dynamics
are likely driven primarily by climatic conditions. Periods
of reduced PAR correspond to drier and warmer climatic
intervals on the peninsula, notably at 6—6.5 and 1.9-2.3 kyr
BP (Dirksen et al. 2013, Brooks et al. 2015).

Vegetation dynamics

Pollen analysis of the Hadey peat deposits enables the
reconstruction of vegetation dynamics in northern Kam-
chatka during the Late Pleistocene and Holocene. In the
pollen spectra corresponding to the Late Pleistocene (12.6—
12.7 kyr BP), shrubs pollen (Alnus alnobetula subsp. fruticosa,
Betula nana) and grasses pollen predominates, indicating the
prevalence of alder shrub communities and meadow-tundra
ecosystems as well as relatively cold climatic conditions.
These findings are consistent with previous studies from the
Kamchatka Peninsula (Meyer et al. 2017, Pendea et al. 2017)
and with vegetation reconstructions from western Beringia
(Anderson et al. 2015).

During the Early Holocene (11.7-8.2 kyr BP), no
significant changes occurred in the composition of plant
communities. However, an increase in overall pollen con-
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centration is observed, which indirectly indicates a rise in
mean annual temperatures (Abraham et al. 2021). Alder
shrub communities continued to dominate the study area.
Additionally, an increase in the local wetness of the peatland
is recorded (evidenced by a higher proportion of hydro-
philous taxa, the presence of diatom algae, and a high rate
of peat accumulation).

Approximately 6 kyr BP, shrub communities began to
decline in their contribution to the regional vegetation cover.
This shift corresponds with mid-Holocene climatic warming,
as evidenced in numerous peat and lake sediment cores
across the Kamchatka Peninsula (Table 2). The widespread
establishment of birch forests in northeastern Kamchatka
is attributed to the late Holocene, within the last 4.2 kyr
BP. Previous research indicates that birch forests began to
expand across the peninsula as early as 10 kyr BP, originating
from southeastern and central part of the peninsula (Dirk-
sen et al. 2013). Birch forests consisting mainly of Betula
ermanii or B. platyphylla spread along the Kamchatka River
valley and adjacent mountain slopes, reached its lower basin
approximately 7 kyr BP (Andreev & Pevzner 2001) and the
Pacific coastline approximately 6 kyr BP (Pendea et al. 2017).
According to pollen data from the Hadey mire and other
reconstructions from northeastern Kamchatka (Dirksen et
al. 2013), birch forests did not become the dominant vegeta-
tion in the study area until around 4 kyr BP. In contrast, far-
ther north, near the settlement of Osso-
ra, birch pollen has remained at back-
ground levels with minimal vatiation
over the past 6 kyr, suggesting that
birch forests played a minor role in the
vegetation cover of that region (Andren
et al. 2015, Solovieva et al. 2015).

Pollen records from the Hadey
mire reveal that Siberian dwarf pine
(Pinus pumila) has become progressively
more prominent in vegetation of the
study area over the past ~2 kyr BP.
However, according to Hammarlund
et al. (2015), the initial occurrence of
P. pumila pollen in northern Kamchatka
(near the settlement of Ossora) dates
to approximately 6.5-5.5 kyr BP, with
a marked increase approximately 4 kyr
BP. In the Sredinny Range (Anavgay
area), lake sediment records reveal
the eatly presence of P. pumila pollen
around 5-4 kyr BP, which is 2-3
millennia earlier than in the Hadey peat
section (Khomentovskiy et al. 1995,
Hammarlund et al. 2015). Along the

o—

—— Estimated migration routes

Figure 6 Schematic models of the expansion dynamics of birch forests (Betula ermanii and
B. platyphylla) and Siberian dwarf pine (Pinus pumila) communities across the Kamchatka
Peninsula. The threshold for birch pollen is set at 10 %, reflecting its high dispersal ability,
while for Siberian dwarf pine pollen it is set at 5 %. Color intensity of circles indicates the
chronological appearance of pollen based on published paleoenvironmental reconstructions

(see details in Table 2). The Hadey mire is marked by point 17

T 1 Pacific coast, Pinus pumila pollen in peat
200 300 km ;

sediment appears much later, 1000 yr
BP, as recorded at the Uka site on the
coast of the Karaginsky Gulf (Dirksen
et al. 2013). In contrast, sediment
profiles near the mouth of the Kam-
chatka River (Dirksen et al. 2013, Pendea

et al. 2017) and in northeastern part of
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the peninsula (Andreev & Pevzner 2001, Mukhametshina et
al. 2024) show only a minor proportion of P. pumila pollen,
with no significant presence detected until recent times.

The pollen data obtained from the Hadey mire peat se-
quences contribute to a more refined understanding of the
expansion dynamics of birch forests and the distribution pat-
terns of Siberian dwarf pine communities across the Kam-
chatka Peninsula. A synthesis of these results is presented
in Figure 6.

Geogtraphically, the Hadey peatland lies among previously
studied sites, supporting the hypothesis that P. pumila expan-
sion on the Kamchatka Peninsula originated from two pri-
mary centers (the Sredinny Range and the Koryak Moun-
tains). Analogous Siberian dwarf pine refugia have previous-
ly been studied in western Beringia (Khomentovskiy et al.
1995, Kremenetski et al. 1998, Anderson et al. 2010). Local
populations of Siberian dwarf pine presumably persisted in
the higher elevations of the Sredinny Range throughout the
post-glacial period and the Eatly Holocene (Khomentovskiy
etal. 1995). During subsequent Neoglacial cooling, these po-
pulations began to expand across the Kamchatka Peninsula
(Hammarlund et al. 2015). A similar expansion occurred far-
ther north, near the settlement of Ossora, where Siberian
dwarf pine communities spread southward from the conti-
nental Koryak Mountains.

CONCLUSION

This study reconstructs vegetation dynamics in northern
Kamchatka during the Late Pleistocene—Holocene based
on a comprehensive analysis of peat deposits. Pollen ana-
lysis, tephrostratigraphy, and radiocarbon dating signifi-
cantly contribute to understanding spatiotemporal vegeta-
tion changes in this previously underexplored region. Peat
accumulation at the study site commenced approximately
12.7 kyr BP, indicating adequate moisture availability during
the terminal Pleistocene. Accumulation persisted throughout
the Holocene, with the exception of an interruption
between 12.5 and 10.1 kyr BP, caused by the deposition of
the Ozernovskiy Flow tephra. During the Late Pleistocene,
tundra and shrub communities dominated, reflecting the
cold climatic conditions of the late-glacial period.

Around 6 kyr BP, coinciding with the Holocene Climatic
Optimum, tree birch (Betula ermanii and B. platyphylla) establi-
shed within the vegetation cover, reaching its maximum dis-
tribution approximately 4 kyr BP. Siberian dwarf pine (Pinus
pumila) pollen appeared about 2 kyr BP, marking the initial
spread of pine shrub communities in the region. A com-
prehensive spatiotemporal analysis, integrating both new
and previously published data, enabled the reconstruction
of the expansion dynamics of birch forests and dwarf pine
communities across the Kamchatka Peninsula. The disper-
sal of birch forests followed a south-to-north trajectory,
whereas the expansion of Pinus pumila occurred from two
primary centers: the central part of the Sredinny Range and
the Koryak Mountains.
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