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Abstract. The spatial and temporal variability of a low- accumulated during the annual spring snowmelt), character-
centred polygon on the eastern floodplain area of the loweized by an abundance Meesia triquetraand a dominance
Anabar River (72.070N, 113.922 E; northern Yakutia, of benthic diatoms (e.gNavicula vulpind, indicative of a
Siberia) has been investigated using a multi-method aprelatively high pH and a high tolerance of disturbance. A
proach. The present-day vegetation in each square metreomparison of the local polygon vegetation (inferred from
was analysed, revealing a communitylairix, shrubbyBe- moss and macrofossil spectra) with the regional vegetation
tula, and Salix on the polygon rim, a dominance €farex  (inferred from pollen spectra) indicated that the moss asso-
andAndromeda polifolidn the rim-to-pond transition zone, ciation withScorpidium scorpioidelsecame established dur-
and a predominantly monospecif8corpidium scorpioides ing relatively favourable climatic conditions, while the asso-
coverage within the pond. The total organic carbon (TOC)ciation dominated byeesia triquetraoccurred during peri-
content, TOC/TN (total nitrogen) ratio, grain size, vascular ods of harsh climatic conditions. Our study revealed a strong
plant macrofossils, moss remains, diatoms, and pollen wereiverine influence (in addition to climatic influences) on poly-
analysed for two vertical sections and a sediment core frongon development and the type of peat accumulated.
a transect across the polygon. Radiocarbon dating indicates
that the formation of the polygon started at least 1500 yr ago;
the general positions of the pond and rim have not changed
since that time. Two types of pond vegetation were identi-1 Introduction
fied, indicating two contrasting development stages of the
polygon. The first was a well-established moss associationPolygon mires are the most common type of arctic mire. Of-
dominated by submerged or floatiBgorpidium scorpioides ten these mires occur in an advanced stage of succession,
and/orDrepanocladusspp. and overgrown by epiphytic di- known as low-centred polygons (Minke et al., 2007). Low-
atoms such a3abellaria flocculossand Eunotiataxa. This  centred polygons evolve when frost-heave processes form
stage coincides temporally with a period in which the poly- ridges (the polygon rims) above ice wedges, and depressions
gon was only drained by lateral subsurface water flow, asoetween the ridges that are often water-filled (the polygon
indicated by mixed grain sizes. A different moss associa-pond). Although these mires only cover about 3 % of the arc-
tion occurred during times of repeated river flooding (indi- tic land area, they contain more than 15 % of the world’s soil
cated by homogeneous medium-grained sand that probablgarbon (Post et al., 1982); hence they play an important role
in the arctic carbon cycle (Hobbie et al., 2002). Improving
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our understanding of polygon dynamics is therefore a keynated by a stable high pressure system over the Siberian land-
scientific objective. Due to the harsh living conditions, plants mass, resulting in low temperatures (mean January tempera-
with short life cycles are common as well as those capabldure: —36.1°C) and only a thin snow cover. Summers are
of asexual reproduction. Woody shrubs and herbs are conselominated by Icelandic and Aleutian lows; they are short and
quently replaced at higher latitudes by cryptogams, as a resulelatively cool, with mean July temperatures ofT2(Sasky-
of their lower requirements for light, temperature, and nutri- lakh Climate Station, 71.96'N, 114.083 E; Rivas-Martinez
ents (Frahm, 2001). Most of the biomass in the arctic tun-and Rivas-Saenz, 2007).
dra is therefore fixed in peat from decomposed bryophytes The study area is underlain by 500 to 600 m of permafrost
(Longton, 1997). (Yershov et al., 1991). Temperature increases at the begin-
Climate and the nature of the soil substrate are the maiming of the Holocene initiated thermokarst processes that
factors influencing the formation of polygons, while their di- led to permafrost degradation and widespread subsidence
mension, form, and position within landscapes are controlled Czudek and Demek, 1970). The study area is characterized
by complex positive feedbacks between vegetation, ice, waby meander terraces, polygon mires and in a wider surround-
ter, and peat (Minke et al., 2007). Investigations have pre-ing thermokarst lakes and alas depressions. The uppermost
viously been conducted into the ecology of polygonal land-parts of the soils are wet and organic-rich, and are classified
scapes and the way in which they function. For example, theas Histic Fluvisols (Jones et al., 2010).
hydrology of the active layer has been investigated in relation Polygon fields in the Anabar River lowlands were ob-
to the form of the polygon (Riordan et al., 2006; Yoshikawa served from helicopter flights to be restricted to areas along
and Hinzman, 2003) and the displacement of soil by frost-the flanks of rivers. The studied polygon is located within a
heave processes (Mackay, 2000). The dependence of the epelygon field on the Anabar River floodplain, about 800 m
ergy and water balances in the polygonal tundra on precipito the east of the riverbank and within the curve of an aban-
tation and weather conditions has already been investigatedoned meander. It lies about 15 km north of Saskylakh on the
(Boike et al., 2008). Investigations into the shape and sedNorth Siberian Lowland, in the north-eastern part of Yakutia
iment characteristics of river-influenced polygons in north- (Fig. 1b). The Anabar River is fed by the Bol'shaya Kuon-
ern Russia have mainly been carried out in the Lena Rivelamka and the Malaya Kuonamka rivers, which originate on
delta (Boike et al., 2013; Fiedler et al., 2004). During the the Anabar Shield. It drains into the western part of the
last decade studies have been conducted with a special fd-aptev Sea~ 400 km west of the Lena River delta and has
cus on the carbon content (Zubrzycki et al., 2013), and oma discharge that is highly variable, both seasonally and an-
the net ecosystem G@xchange, for example in low-centred nually. In contrast to rivers in southern Yakutia, the Anabar
polygons on Samoylov Island (Runkle et al., 2013). Other in-River freezes to the bottom during winter, followed by a rapid
vestigations have used polygon sediments to trace short-terimcrease in discharge in spring that reaches a maximum of
changes in vegetation (De Klerk et al., 2011) and long-term5000 nf s~ (data from Saskylakh station; Huh and Edmond,
changes in landscape dynamics (Minke et al., 2009; Zoltail999).
and Vitt, 1990, 1995). While previous studies have identified The lower part the Anabar River in particular is a mean-
the general processes that lead to the formation of polygomlering and partly braided river system (Fig. 1b). The polygon
mires, the polygon dynamics and associated driving factordield in which our site is located is drained by several small
remain only poorly understood. streams flowing into the Anabar River in summer, but can be
In the North Siberian Lowland, polygon mires are partic- flooded in spring. Thus the rapid melting of snow in spring as
ularly common along rivers or in the vicinity of lakes. We a result of the sharp increase in temperature, combined with
therefore selected an individual low-centred polygon (des-the vicinity of the site to the large Anabar River, results in a
ignated 07-SA-LY) on the flood plain of the lower Anabar water supply to the polygon field that is both seasonally and
River as a study site, using a multi-method approach that ininter-annually variable.
cluded analysis of vegetation, fossil moss tissue, pollen, di- Our field vegetation survey has indicated that the study
atoms, grain size, and organic matter, together with radiocarsite lies within an area witharix trees up to 4 m high. The
bon dating. The objectives of this research were (1) to invesarea belongs to the “Anabar—Lena subarctic” geobotanical
tigate the spatial pattern of vegetation in relation to abioticsub-province (Isaev et al., 2010), described on the agriculture
factors, (2) to reconstruct past changes in biotic communi-map of Yakutia (Matveev, 1989) as having a “widely spaced
ties and abiotic environments, and (3) to identify the driversdwarf shrub tundraRBetula exilis, Salix pulcha dwarf shrub
behind the polygon dynamics. tundra Betula exilis, Salix pulchraogether withCetraria
cucullata Alectoria ochroleuca, Coelocaulon divergéasd
tundra bog” vegetation type.
2 Geographic setting

The study area in north-western Yakutia (Siberia) is charac-
terized by an extreme continental climate. Winters are domi-
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Fig. 1. Location of the study area. The studied polygon (07-SA-LY) is located south of the Taymyr Perfajsatal 160 km south of the
Laptev Sea coastline in the vicinity of the Anabar River, North Siberian Low(ajdvithin an abandoned meander on the river’s floodplain
(c). Larix is sparsely distributed throughout the agpand the land surface is covered with a shrub—moss community. (Photo: U. Herzschuh,
August 2007).

3 Materials and methods core length and not for the original 54 cm length. In plots G1
and G3, we cut vertical soil sections of 2.3 cm size totalling a
3.1 Fieldwork length of 42 cm (Section A) and 50 cm (Section B). The soil

samples were transported to the Alfred Wegener Institute in

Fieldwork was completed in August 2007. A typical low- Potsdam, Germany, and stored 404

centred polygon (07-SA-LY; 72.070N and 113.921E; . .
Fig. 1c and d) was selected for detailed study. The polygon3'2 Radiocarbon dating

was divided into 156 square metre plots, using a grid labelledyanq-picked, alkali-residue plant remains from 12 sediment
Ato L and 1to 13m (Fig. 2). We measured the elevation gamples were dated by radiocarbon accelerator mass spec-
of the land surface_ (including the floor of the pond) relative trometry (AMS) at the Leibniz Laboratory for Radiometric

to the water level in the pond, as well as the depth of thepating and Stable Isotope Research in Kiel (Table 1), using
active layer, at the centre of each plot (method according t0; Tandetron 4130 AMS system (High Voltage Engineering)
Donner, 2007). The coverage of the main vascular plants wagith a single caesium sputter ion source. CALIB rev 5.01
recorded for each plot in modified per cent classes, accordingfiware modified with the IntCalo4 dataset (Reimer et al.

to the Braun-Blanquet floristic approach (Braun-BIanquet,2004) was used to calculate the calibrated ages.
1964). Several taxa could only be recorded to genus or family

level because the flowering period of most taxa was alread8.3 Geochemical, stable carbon isotope, and
over. granulometric analyses

We performed pH and conductivity measurements in the
field, for both soil and surface water, along Transect GTotal carbon (TC), total organic carbon (TOC), and total ni-
(Fig. 2a) using a WTW Multi 350i measuring instrument. trogen (TN) contents were measured using an elemental anal-
We obtained a short core (Core C) of the upper 54 cm ofyser (Elementar Vario EL 1ll). The TOC content was mea-
sediment from plot G8 (pond), using a simple plastic tubesured on carbonate-free samples (treated with 4 % HCI). The
(Fig. 2a). The core became compressed to 27 cmin the plasti€C, TOC, and TN results are given as weight per cent (wt %),
tube during the coring process due to the loose organic mateand the C/N ratio is expressed as TOC/TN.
rial. Sub-samples were taken from Core C at 1 cm intervals. Stable carbon isotope ratios'¢C) in TOC were measured
Since we cannot assume a homogenous compression over théth a Finnigan DELTA S mass spectrometer coupled to a
whole length of the core, we present the data for the 27 cnFLASH element analyser and a CONFLO Ill gas mix system.
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Table 1. Summary list of determined diatom taxa (Core C), with life form information.

Taxon code  Taxon name Author Life form
AchMin Achnanthidium minutissimum (Kiitzing) Czarnecki Epiphytic
AulSub Aulacoseira subarctica (Muller) Haworth Planktonic
Cyminc Cymbella incerta (Grun.) Cleve Epiphytic
Cym Cymbellaspp. Epiphytic
CymTyn Cymbella tynnii Krammer Epiphytic
CymCes Encyonema cesatii (Rabenh.) Grun.ex A.S.  Epiphytic
EunArc Eunotia arcus Ehr. Epiphytic
EunBiIl Eunotia bilunaris (Ehr.) Mills. Epiphytic
EunLun Eunotia lunaris Brevisson Epiphytic
EunMin Eunotia minor (Kutz.) Grun. Epiphytic
EunPec Eunotia pectinalis (Dillw.) Rabenh. Epiphytic
EunPra Eunotia praerupta Ehr. Epiphytic
EunSp. Eunotiaspp. Epiphytic
GomGra Gomphonema gracile Ehr. Epiphytic
GomLag Gomphonema lagerheimii Cleve Epiphytic
GomSut Gomphonema subtile Ehr. Epiphytic
HanAmp Hantzschia amphioxys (Ehr.) Grun. Benthic
HanElo Hantzschia elongata (Hantzsch.) Grun. Benthic
HanSp. Hantzschiaspp. Benthic
NavRhy Navicula rhynchocephala Kutzing Benthic
NavLan Navicula trivialis Lange-Bertalot Benthic
Navwvul Navicula vulpina Kitzing Benthic
Neilri Neidium iridis (Ehr.) Cleve Benthic
PinBrc Pinnularia brevicostata Cleve Benthic
PinMic Pinnularia microstauron (Ehr.) CI. Benthic
SelPup Sellaphora pupula Kutz. Benthic
StaAgr Stauroneis agrestis Peterson Benthic
StaAncGr  Stauroneis anceps f.gracilis Rabh. Benthic
StaPho Stauroneis phoenicenteron  (Nitzsch.) Ehr. Benthic
StaSp. Stauroneispp. Benthic
SteMin Stephanodiscus minutulus  (K{itz.) Cleve et Mller  Planktonic
SteSp. Stephanodiscuspp. Planktonic
TabFen Tabellaria fenestrata (Lungb.) Kutz. Planktonic
TabFlo Tabellaria flocculosa (Roth.) Kutz. Epiphytic

The analyses were accurate#6.2 %.. Thes3C values are
expressed in delta per mil notatio §o) relative to the Vi-
enna Pee Dee Belemnite (VPDB) standard.

Grain-size distribution analyses (for grain sizes be-

of EMs between 3 and 6, and 4 different weight transforma-
tions). A detailed description of the EMMA method applied
can be found in Dietze et al. (2012).

tween 0.375 and 1000 um) were conducted on freeze-dried.4 Analyses of moss remains and vascular plant
carbonate-free (treated with 10 % @EBOOH for 12 h) and
organic-free (treated with 3% 4@, for a maximum of

macrofossils

4 weeks) subsamples from Section A, Section B (excludingMoss remains were analysed for every second sample from
the sample from 9.2 to 6.9cm), and Core C, using a laseCore C (available volume of sieving residue after the KOH
diffraction particle sizer (Beckman Coulter LS 200). Grain- washing step for pollen preparation: 5-12mL), the upper
size fractions are given in volume per cent (vol %). and the lower samples from Section A (50 mL), and 15 ir-
An endmember modelling algorithm (EMMA) was used regularly distributed samples from Section B (50 mL). The
to determine the origin of individual grain-size fractions and material was washed through 250 and 850 pm mesh sizes.
to calculate robust endmembers (EMs) from the total set ofMoss remains larger than 850 um were analysed using ZEISS
grain-size distributions with MATLAB software (R2012a; light and stereo microscopes (AxioLab 40, Stemi 2000-C)
7.14.0.739), using conceptual modifications proposed bywith 25x, 100x, and 400« magnification; vascular plants
Weltje (1997). In our study, the robust EMs and the residualwere separated from mosses in order to evaluate their rela-
member were obtained based on the 16 runs (with numbergve proportions. The identification of mosses was based on

Biogeosciences, 10, 5703#28 2013 www.biogeosciences.net/10/5703/2013/
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Vascular plant macrofossils were extracted from all depths
in sections A and B by washing 25 ml subsamples through
sieves with the same mesh sizes as used for mosses. Mate-
rial in the +850 and 850-250 um fractions was again anal-
ysed using ZEISS light and stereo microscopes (AxioLab 40,
Stemi 2000-C) and identified with the help of vegetation at-
lases and seed identification manuals (Anderberg, 1994; Bei-
helnlitiabol jerinck, 1947; Berggren, 1969, 1981; Katz et al., 1965), to-

-~ permafrost table gether with a regional reference collection at AWI Potsdam.
P,

(core length in tube 27 cm)

Section A (42 cm)
{ @ Core C\pase depth 54 cm

Section B (50 cm)
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3.5 Pollen analysis

Pollen analyses were performed on all 27 samples from Core
C. Processing of pollen samples in the laboratory included
o 40 treatment with HCI (10 %), KOH (10 %), and HF (50%; 2h
boiling), followed by acetolysis, sieving (7 um) in an ultra-
sonic bath, and mounting in glycerine. At least 350 terres-
trial pollen grains were counted in all except three samples
(from 20 to 17 cm) which had extremely low pollen con-
centrations. Pollen identifications were based on the rele-
vant literature (Beug, 2004; Moore et al., 1991), and on a
regional type slide collection of pollen types. The total pollen
from arboreal and terrestrial non-arboreal taxa (excluding
40 Cyperaceae) identified in each pollen spectrum is taken as
100 % for the calculation of the pollen percentages. In ad-
| ———— dition, common non-pollen palynomorphs (NPPs, €gdi-
T2 e s e 7 e e 012 B astrum Botryococcus, Delitschia, Gelasinospora, Gaeuman-
_ nomyces, Glomus, Macrobiotus hufelaralid Sordariales)
i were counted from the pollen slides and their abundances ex-
pressed relative to the total terrestrial pollen.

b)

related to the water level [cm]
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3.6 Diatom analysis

)
(=]

About 0.5¢g of each sample from Core C was used for di-
atom analysis. The processing of diatoms was conducted
in accordance with Pestryakova et al. (2012): the calcare-
ous and organic components were removed by heating with
HCI (10 %) and HO (30 %). Cleaned diatom samples were
-80 mounted on microscope slides with NapHfaAbout 500 di-
atom valves were counted per slide, along random transects.

Fig. 2. The 07-SA-LY polygon was divided into a 12m (A-L) by ; : . ]
13m (1-13) grid of square metre plots. A surface transect, fromjSamples were analysed using a ZEISS light microscope (Ax

which all three profiles were taken, was positioned in the grid anng'OSCOpe'Al) eql_Jl_ppgd with a differential |n_terfe_rence con-
line G. (a) Surface elevation and thaw depth relative to the water trast, at a magnification Of 10_00' The _fOHOW'ng literature
level in the polygon pond along the surface transect (Transect G)Was used for the determination of diatom taxa: Krammer
illustrating the differences between a shallow thawing depth belowand Lange-Bertalot (1986), Lange-Bertalot (1993), Lange-
the rims, in contrast to conditions beneath the pond. (Note: CoreBertalot and Metzeltin (1996), Lange-Bertalot et al. (1996),
C was highly compressed, being reduced from 54 to 27 cm duringgand Lange-Bertalot and Genkal (1999). The following re-
sampling.)(b) The elevation of the ground surface, relative to the gional works were also consulted: Komarenko and Vasilyeva
water level in the pond(c) The elevation of the permafrost table, (1975), “The diatoms of the USSR” (1974, 1988, 1992),
relative to the water level in the pond. “The diatoms of Russia” (2003), and Loseva (2000). The
classification of diatom species used in this paper is based on
the latest revisions of thAchnanthes, Fragilaria, Navicula
‘and Cymbellagenera (Krammer, 2000, 2002, 2003; Lange-
Bertalot, 2001).

IS
S

related to the water level [cm)]

T X ¢ TI®GTMOO W >
&
o

the relevant literature (Frahm and Frey, 2004; Lobin et al.
1995) and descriptions from the Bryophyte Flora of North
America website t{ttp://www.mobot.ory Amblystegiaceae
taxa were not differentiated in detail in Section B.
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3.7 Statistical analysis Larix gmelinii trees (with a maximum height of 4 m) were
recorded from the upper rim sites. The rim-to-pond transi-
Statistical analyses were performed to deduce patterns in sution zone (the central part of the NMDS biplot) is charac-
face vegetation and in the diatom assemblages of Core Gerized by the appearance Ahdromedaand/orCarex Rel-
We applied a non-metric multidimensional scaling (NMDS) atively dry zones situated only a few centimetres above the
analysis of species percentages using the Bray—Curtis disvater level are covered by Type Salix and Vacciniumsp.,
similarity index, implemented in R version 2.15.0 (R Project with abundances between 5 and 80 %. The pond vegetation
for Statistical Computing, using the “vegan” package (Ok- (on the right side of the NMDS biplot) consists almost ex-
sanen et al., 2007)). Various supplementary parameters wergusively of the mossScorpidium scorpioidesonly in the
added to the NMDS plots. shallowest parts is it intermixed witGarex taxa. In addi-
tion, individual plants ofPedicularissp. appear in a small
depression between the pond and the crack on Transect L.
4 Results
4.2 Geochronology and age—depth relationships
4.1 High-resolution spatial characteristics of the
investigated polygon and its vegetation pattern The oldest ages (cal AD — calibrated years Anno Domini)
were obtained from the bottom samples from Section A
The 07-SA-LY low-centred polygon has dimensions of about(420-539 cal AD) and Section B (417-568 cal AD) (Table 1).
12mx 13 m (Fig. 2b). The outer margin of the investigated The calibrated ages obtained for Core C range between 1213
polygon approximately traces the ice cracks and separated &nd 1635 cal AD, but do not show a clear age—depth relation-
from its neighbouring polygons. The distance from the crackship; at least the near surface date (from 3.5 cm depth) is the
to the rim margin is 3—4 m. The polygon centre is filled by an youngest of the geochronological record.
intrapolygonal pond of water with approximate dimensions
of 5mx 7m. The ground surface measurements indicatedd.3 General properties of the sedimentary fill
that the polygon is not hydrologically closed. Transects A
to C are up to 44 cm above the water level in the pond, inThe two sections (A and B) and the sediment core (Core C),
contrast to transects H to K (plots 5 to 10), which cover afrom plots G1, G3, and G8, respectively, were analysed for
transition zone to a sunken crack in Transect L that has d@heir TOC content, TN content, and grain-size composition
depth of 62 cm below the water level in the pond. The max-(Fig. A2 for sections A and B, Fig. 5 for Core C). The TOC
imum height of the other rims was 35cm, and only minor values are relatively low in the lower parts of the profiles
depressions within these rims were detected, e.g. from D1710.3 to 1.3wt. % in sections A and B; 1 to 4wt. % in Core
to G11, and from K2 to K11 (Fig. 2b). The active layer depth C), and higher in the uppermost (most recent) samples (32
ranges from 21 cm beneath the rims to 73 cm below the flooto 33 wt. % in sections A and B; 26 wt. % in Core C). Due to
of the polygon’s pond (Fig. 2c). This depth varies consider-the low TN contents (below the detection limit, i€0.1 %),
ably beneath the rims but is relatively consistent beneath theeliable TOC /TN values are not available for the lower parts
waterbody (Fig. 2c¢). In general, the elevation correlated wellof sections A and B. The TOC/TN ratios in Core C vary
with the active layer depth-f =0.81). Along Transect G, the between 7 and 26. Th&*3C values range between30.6
pH was found to be about 6.14 in the rim, 5.70 in the rim-to- and —25.9 %o in Core C (Section A-29.0 and—26.3 %o,
pond transition zone, and 6.25 in the pond. The conductivitySection B: —29.8 and—25.3%0). The ratio ranges differ
was highest on the rims (up to 84 uSthin G1) and lowest  markedly between the profiles, and also vary within each pro-
in the pond water (e.g. 16 uS crhin G8). file (Fig. 5, Fig. A2). The grain-size composition of the poly-

A vegetation survey over the grid revealed differences ingon sediments is dominated by the fine to medium sand frac-
plant taxa between the rim, the rim-to-pond transition zone tion (Fig. 5, Fig. A2). Only in the uppermost parts is silt about
and the pond (Fig. 3), as is clear from the NMDS analysistwice as abundant as sand. The endmember modelling iden-
which yielded a stress value of 16 % (Fig. 4). Axis 1 cor- tified one robust EM (EM1) and a residual member (RM; de-
relates well with elevation and active layer depth and ar-scribing the remaining noise). They are presented in the load-
ranges the polygon vegetation along a rim-to-pond transecting plot (Fig. Al) together with their range of confidence,
The composition of the rim vegetation (appearing on the leftas calculated from 16 endmember models. EM1 represents
side of the biplot) is highly variable and diverse, but is al- 75.3 % of the total variance within the original data and cor-
ways dominated by vascular plants such as the ubiquitousesponds to a medium to coarse sand fraction (180—720 um,
shrubBetula nanawhich is abundant over 2/3 of the grid), peaking at~ 270 um). Considering the goodness of variable
the two different shrubbysalix species (Type A with max- and sample fit, we found a reasonably good modelling for
imum abundances of 20 to 40 %, and Type B with a meanSection A ¢2 = 0.92+0.14), Section B £% = 0.85+ 0.19),
coverage of approximately 20% in non-aqueous habitats)and Core C £? = 0.894 0.21), for the robust endmember
Dryas punctata, Ledum palustrand Vacciniumsp. Eight  model. All profiles show obvious variations in the EML1 to

Biogeosciences, 10, 5703#28 2013 www.biogeosciences.net/10/5703/2013/
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Larix gmelinii Betula nana Salix type A Salix type B
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Andromeda polifolia Arctostaphylos alpina Ledum palustre
1 13 1 13 1 13
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Vaccinium sp. Pedicularis sp. Polygonum sp. Poaceae
1 13 1 13 1 13
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Carex type A Carex type B Dicranum sp. Scorpidium scorpioides
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classification of vegetation cover

1 1-2individuals © 5-10% O 20-40% O 60-80% (® location of Larix trees
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polygon. No identifiable macrofossils were found in Core C,
which may have been due to the small quantity of sed-
iment analysed. In the upper parts of the sections A

residual ratio (Fig. 5 for Core C, and Fig. A2 for sections (Fig. A5) and B (Fig. A6), needles dfarix gmelinii (Sec-

A and B). Based on this information, Section B (rim-to-pond tjon A (0.1-6.2 needles cnd; Fig. A5) and Section B (5.7—

transition zone) and Core C (pond) can be correlated, indicat1 9 o needles ci?; Fig. A6) dominate the identifiable vascu-

ing that both records cover an approximately similar period|ar plant macrofossil spectra, while the lower part of Sec-
of time. In contrast, Section A shows a different sedimenta-tjon B is dominated byCarex seeds (0.1-1.1seed cA).

tion pattern and cannot be correlated with Section B, or withgection A contains a relatively large concentrationAof:

Core C. dromeda polifolialeaves (2.2 leaves cm) andDryas punc-
tataleaves (2.4 leaves cm).

The relative proportion of total vascular plant to moss re-
mains (the VPM ratio) was examined for all samples from
Section A (Fig. A3), Section B (Fig. A4), and Core C (Fig.6).
Most of the samples from Core C were dominated by mosses,
whereas the VPM ratio was relatively high at 2.5cm (0.98).
The ratio was slightly increased to 0.16 at 24.5cm and to
0.11 at 14.5cm core length. A similar pattern was found for
Section B: high moss contents {0 %) were determined for
most of the lower horizons (with a short-term increase of vas-
cular plant content to 40 % at 35.7 cm depth), and vascular
plants dominate in most samples from above 24.2 cm depth,
with a maximum VPM ratio of 0.8 at 10.4cm and 8.1cm
depth. Mosses became dominant again (VPM ratio 0.3) in
he uppermost part of Section B (above 1.2 cm depth). The

4.4 Bioindicators

We identified 12 moss taxa within the identifiable moss leaf
fraction from Core C (Fig. 6). Most abundant in the upper
part of the core waS$corpidium scorpioidesyhile Meesia
triquetra, Drepanocladuspp., andHamatocaulis vernicosus
were dominant in the lower part of the cofgryum pseu-
dotriqguetrumand Rhizomnium pseudopunctatuoccurred
only in trace quantities. Only a single leaf Aftilacomnium
turgidumwas recorded (not included in Fig. 6). The verti-
cal distribution pattern of the main moss taxa in Section B
(Fig. A4) was similar to that in Core C, which supports the
correlation inferred from the grain-size recoMeesia tri-
quetraoccurred in most samples from Section B and Core

C, but its abundance is highly variable. The upper parts oft X
Section B (except for the uppermost 3.5cm) and Core C are\S/PM_ ratios for the lowermost and upp_ermost samples from
ection A were 0.12 and 0.17, respectively.

dominated by, or entirely composed &corpidium scorpi-
oides(from 10.5 to 0 cm in Core C and from 25 to 0 cm depth Pollen analyses were performed on Core C. In toFaI, 3.9
pollen taxa and 26 non-pollen palynomorphs were identi-

in Section B). The moss spectrum from the rim, i.e. from % ) .
) P fied (Fig. 7). Alnus fruticosatype Betula nanatype and

Section A (Fig. A3), which was only determined in the up- P th t abundant pollen Beéul o
permost (1.2 cm) and lowermost (40.3 cm) samples, is com- oaceae are tne most abundant polien Bedlla hanaype
remains quite stable throughout the core, while the abun-

letely different from the spectra in Section B and Core C. : .
pietely P dances of Poaceae aAdhus fruticosatype show opposing
trends.Larix pollen occurs in low but stable abundances.
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Fig. 7. Pollen percentage plot, showing the important palynomorphs and non-palynomBigghg¢occusand Gaeumannomycgérom
Core C. The percentages of herbs, shrubs, and trees shown in this diagram are calculated from the total pollen grain spectrum.

Except at 18.5cm core length, the Cyperaceae (excludedenera. The most important genera wiigvicula(11), Eu-
from the pollen sum) have higher abundances than the temotia (11), Pinnularia (11), Cymbella (8 species),Gom-
restrial plants. We found relatively high quantities of the non- phonemd?7), Fragilaria (4) andStauroneig4) (Fig. 8). Most
pollen palynomorphB8otryococcusndGaeumannomyces  genera (63 % of the total) were represented by only one or
Well-preserved diatom valves were found in all samplestwo species, which is a regional characteristic of diatom com-
from Core C: 104 species were identified, belonging to 35munities in arctic waters. Most of the diatom species were
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Fig. 8. Four ecological sections (benthic, epiphytic on moss, epiphytic and planktonic) showing the important species in the diatom assem-
blage of Core C.

rare; thus, for the statistical analyses we only used the 32ameters, indicating that the diatom spectra are related to the
species that met our criteria-3 % over the whole core). endmember scores and to the relative abundancesarpid-
Most samples were dominated by either benthic diatomsum scorpioides, Meesia triquetra, Hamatocaulis vernicosus
(e.g. Navicula vulpina, Hantzschia amphioxys, Sellaphorathe green alga8otryococcusand theAlnus fruticosatype
pupuld or epiphytic diatoms (e.gGomphonema lager- pollen.

heimii, genusEunotia, Tabellaria flocculogawhile plank- Unit 1 is characterized by high scores for the residual
tonic taxa Aulacoseira subarcticaStephanodiscus minutu- member (RM), which is indicated by a mixture of grain-size
lus, Cyclotella ocellata were only dominant at 21.5 and fractions. Unit 1 can be divided into three subunits for Core
20.5cm length in Core C. A second peakStephanodiscus B and Section B: Subunit 1.1 (Core C, 27—24 cm core length
minutuluswas found at 7cm length. The NMDS analysis and Section B, 50.6-43.7 cm depth), Subunit 1.2 (Core C,
(NMDS plot in Fig. A7) yielded a stress value of 17 %. Sam- 14-9 cm core length and Section B, 27.6-16.1 cm depth), and
ples from core lengths of 21.5 and 20.5 cm were excludedSubunit 1.3 (Core C, 3—0 cm core length and Section B, 9.2—
from the NMDS analysis due to their completely different di- 0 cm depth).

atom spectra. Most epiphytic taxa were located in the lower Both the TOC content and the TOC/TN ratio are quite
left part of the plot and most benthic taxa in the upper righthigh in these unitsScorpidium,and someDrepanocladus

part. species dominate the moss spectrum. In contkéesésia tri-
quetrais only found in small quantities. Furthermore, Unit 1
4.5 Characterization of two different types of polygon is characterized by a dominance of epiphytic diatoms such
pond sediment asTabellaria flocculosaAchnanthidium minutissimuynand

severalEunotia taxa (Figs. 8 and 9)Alnus fruticosatype
Two sedimentary units that were only found in the polygon pollen is abundant. Despite of these common features, each
centre (Core C) and the rim-to-pond transition zone (SeC_Subunit (1.1, 1.2, and 1.3) has some specific characteristics
tion B) can be distinguished on the basis of the various pathat occur in both Core C and Section Brepanocladus
rameters described above, while the rim section (Section AF0ssoniiis abundant in the samples from Subunit 1.1. They
has a different composition. We defined the boundary be-2lS0 contain large quantities of non-determined mosses (ap-
tween these units (Fig. 5) on the basis of the diatom NMDSProximately 45% of the total moss remains), which could
analysis (Fig. A7). Meaningful sediment parameters (EMS,aIso belong to thé®repanocladuggenus. Subunit 1.2 con-
moss taxa, pollen taxa, non-pollen palynomorphs) were sul@ins a large proportion dbcorpidium scorpioide¢40 %),
perimposed on the NMDS plot. An obvious relationship ex- Put low abundances olMeesia triquetra Subunit 1.3 is
ists between diatom assemblages and these superimposed iminated byScorpidium(95-100%) in Core C, but the
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Fig. 9. Summary plot of important indicator records from Core C. The variations in endmember scores, pollen, and diatom data indicate the

boundaries between Unit 1 and Unit 2, while the two moss species reflect the local hydrology in Core C.

Scorpidiumcontent in Section B is rather low (ranging from 5 Discussion
86% at 8cm, to 4% 1.2cm) while other Amblystegiaceae
were more abundant. 5.1 Small-scale spatial structure of polygons

Unit 2 is characterized by high scores for EM1, which is

indicated by a dominance of well-sorted, medium-grained'Ve found a strong correlation between thaw depth beneath
sand. Unit 2 is divided into two subunits for Core B and Sec-the polygon and its surface elevation (Fig. 2a), i.e. shal-
tion B: Subunit 2.1 (Core C, 24-14 cm length and Section B1Iow thaw depths beneath the elevated rims and greater thaw
43.7-27.6 cm depth) and Subunit 2.2 (Core C, 9-3cm |engtﬁjepths below the pond. It is assumed that the thick moss layer
and Section B, 16.1-9.2cm depth).The TOC values andnd the tall, dry vegetation on the polygon rims insulate the
TOC/TN ratio are mostly lowMeesia triquetrais present permafrost layer from the atmospheric temperatures (Blok et
in most samples, and often abundant. Most samples are don®ll-» 2010; Luthin and Guymon, 1974). In contrast, the large
inated by benthic diatoms (e.§avicula vulpina, Stauroneis thaw depth below the pond results from the high heat capac-
phoenicenteron, Sellaphora puplil&urthermore, Poaceae ity of water — an effect that is even enhanced by the positive
are well represented in the pollen spectra. In addition, Rafeedback effect from thaw water (Woo and Guan, 2006). We
nunculaceae are abundant in some sections of Unit 2. Despitgdserved a relatively homogenous distribution of neutral to
of these common characteristics, subunits 2.1 and 2.2 havalightly acidic pH in the water across the polygon, which is
some specific characteristics. Subunit 2.1 contains abundai agreement with other studies on brown moss mires in arc-
Hamatocaulis vernicosu§25-50 %), as well as abundant tic peatlands (Vanderpuye et al., 2002; Vitt, 1995; Wetterich
planktonic diatoms; it also has a low Cyperaceae content angt al-, 2008).

generally a very low pollen concentration. TBetryococcus The polygon is located in the Anabar—Lena subarctic zone
content shows a major peak in Subunit 2.2. (Isaev et al., 2010), with low summer temperatures and a

short growing season. The present-day vegetation covering
the investigated 07-SA-LY polygon (Fig. 3) is therefore dom-
inated by typical elements of the arctic and boreal floral
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zone (Abaimov, 2010; Isaev et al., 201@gér, 2005), such widespread vegetation type as it has also been described by
as Andromeda polifolia and Vacciniursp. In these zones, Liebner et al. (2011) in polygons of the Lena Delta, Donner
sites with water-saturated soils are dominated by polygo-et al. (2007) in Siberian polygons, and by Nebel and Philippi
nal tundra or polygonal forest-tundra that typically show a (2000) in mires of central Europe.
well-developed microstructure of vegetation types tracing the
hydrological microhabitats. We distinguished three different5.2 Age—depth relationships
vegetation types corresponding to the dry polygon rim, the
rim-to-pond transition zone, and the water-filled pond. Different ages have been inferred from different sites for
The vegetation on the rim contains taxa that prefer drywhen polygon mires first appeared in periglacial landscapes,
soils, or at least avoid permanent water saturatiodfliHet ~ sometime during the late Holocene. Botch et al. (1995) es-
al., 2013; Matveyeva, 1994; Minke et al., 2009). We observedimated that polygonal mires in the European and Western
three layers in the vegetation community of the polygon rim: Siberian parts of the Arctic developed between 1050
(1) a tree and shrub layer composedLafix gmelinii, Be- and 50yr before AD. Other estimates have ranged from
tula nang Salixspp., and Ericaceae suchlzedum palustre  ~ 1650 cal.yr before AD in Canada (Fortier and Allard,
and Vacciniumsp.; (2) a dwarf-shrub and herb layer, com- 2004) to approx. 750 cal. yr after AD for the Indigirka Low-
posed ofPolygonunsp.,Pedicularissp., and Ericaceae; and land in Yakutia (De Klerk et al., 2011), the latter age being
(3) a moss layer with xerophilous moss@&slfytrichumsp. roughly similar to our basal age from the rim and rim-to-
andDicranumsp.). The low resolution of environmental pa- pond transition sections. However, since our samples were
rameter measurement does not allow identification of struc-only collected down to the permafrost table, we cannot be
tural parameters for the microhabitats on the rim. However,sure that this is when the polygon sediments first started
previous investigations have shown that vascular plants antb accumulate. The radiocarbon dating of the basal samples
bryophytes trace small-scale patterns related to the water tandicates mean growth rates ranging between 0.27 myr
ble, thaw depth, or pH (Ellis and Rochefort, 2004; Vitt, 1995; (Section A) and 0.31 mmy# (Section B). These high sedi-
Walker et al., 2011). mentation rates probably result from the dense bulk of moss,
The hydrological conditions in the rim-to-pond transi- which provides a trap for minerogenic material. Furthermore,
tion zone vary markedly during the short growing seasonarctic mosses are known to be rapid biomass producers, ac-
(DKland, 1990). The assemblage comprises a low dwarfcording to Frahm (2001) producing up to 100 ghyr—! de-
shrub canopy oBetula nanaSalixtype B, andAndromeda  pending on the local humidity. The age—depth relationship is
polifolia, similar to the rim vegetation but containing a higher thus rather uncertain for Core C, which makes direct com-
proportion of plants that have a greater water tolerance oparisons with other palaeoclimatic records impossible. The
occur commonly in raised bogs, such@arex In contrast  range of radiocarbon dating results is very narrow over the
to our study, Minke et al. (2009) and Donner (2007) carriedwhole of Core C, except for those samples with a fluvial
out comparable vegetation analyses in the northern Indigirkanfluence. Various explanations have been previously pro-
Lowland and identifiedComarum palustreDrepanocladus  posed for such narrow radiocarbon dating ranges: Kilian et
revolvensand Sphagnum squarrosuas common elements al. (1995) suggested reservoir effects in bulk sediments as a
of vegetation in the rim-to-pond transition zone (in addition possible explanation, whereas Price et al. (1997) found that
to CarexandAndromeda polifoliade Klerk, 2008). mosses growing under wet conditions contain a proportion
The water depth, and thus the position of the pond mar-of recycled CQ from older sediment layers. Our own field
gin, depends on the water supply (e.g. from rainfall) andobservations suggest that the submerged nSxsspidium
the evapotranspiration during summer. Since our field in-scorpioidescan reach a length of several tens of centimetres
vestigations took place in mid-August, towards the end ofdown to the sediment in water-filled polygon centres. Thus
the arctic summer, we assume that the water level (17 cm asome of the dated material was probably older than the layer
the deepest site) was the lowest of the summer season, and which it was collected, as the whole length of the moss
that the pond at that time represented an area of permanentay have been subsequently covered by sediment.
water (Boike et al., 2013). The transitional vegetation varies
with the water depth, witliCarexspp. present in the shallow 5.3 Proxy value of the analysed parameters
parts of the pond (as also reported by Tyler, 1981). The com-
monly submerged mosScorpidium scorpioidethat domi- A range of biotic and non-biotic sediment properties have
nates (80-100 %) vegetation within the pond belongs to thébeen investigated and have contributed in various ways and
Amblystegiaceae family, which can assimilate under a thinto different extents to our reconstruction of polygon devel-
ice cover and in low light conditions (Frahm, 2001). That opment. The most relevant proxies used to summarize the
special characteristic enables them to extend the short grondevelopment of the pond and rim-to-pond transition zone in
ing season and means that they are well-adapted to the harglolygon 07-SA-LY are shown in Fig. 9. Endmember scores
growing conditions in arctic polygons. Ti&orpidium scor-  summarize the granulometric data in a meaningful way. The
pioidescommunity seems to represent a characteristic andnodelling was applied to separate sedimentary sections that
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differ in their main sources of minerogenic material (Weltje to-pond transition zoneScorpidium scorpioidegwhich is
and Prins, 2003). In our case the endmember EM1, whichtabundant in Unit 1) indicates a relatively stable pond with
represents the fine to coarse sand fractions (180—720 umgy steady water level, whilkleesia triquetrawhich is abun-
probably represents the riverine transported sediment fracedant in Unit 2) can grow under more unstable conditions with
tion. Walling and Moorehead (1989) have shown that riversvariable water level and prefers more terrestrial habitats than
in tundra lowlands transport sediments with a mean grain siz&corpidium scorpioidefNebel and Philippi, 2000).
(diameter) of 150 um (fine sand) during periods of normal The §13C values from bulk organic material show sim-
water levels. The larger grain sizes in our record may indicatdlar general fluctuations to the EM1 scores and the moss
that a proportion of the minerogenic input may have accumu+ecord. Changes in the composition of the vegetation and
lated during river high stands characterized by greater sedisource water are possible reasons for variations irstf@
ment transportability. We assume that the RM dominated byrecord. Our analyses indicated that the bulk organic material
the silt fraction has various sources other than riverine sedis dominated by moss remains. Mosses discriminate against
iments imported by lateral inflow of riverine water or sedi- heavy carbon isotopes during photosynthesis (although not
ments of aeolian origin. as strongly as vascular plants) due to the absence of any epi-
The general pollen composition is comparable to that ofdermis or stomata (Farquhar et al., 1989; Peisker, 1984). A
other late Holocene records from northern Siberia (Andreevhigh hydrogen carbonate content in the source water, prob-
et al., 2002, 2011), but is very rich in Cyperaceae comparedbly contributed by riverine waters, may also lead to high
to lake sediments (Klemm et al., 2013{ilNer et al., 2010).  isotope values.
Two pollen taxa may be used as climate proxies. We con- We interpret the wt% of bulk organic material to be an
sider the percentages of Poaceae, which are typically of tunindication of the minerogenic input (dilution effect) rather
dra pollen spectra (Andreev et al., 2002; Klemm et al., 2013) than of biomass productivity. However, a high minerogenic
to indicate cold conditions. In contrast, we consider high per-input and a temporary low water table may also have pro-
centages of thermophilolnusto be an indicator of more moted oxygen infiltration and thus produced aerobic condi-
temperate conditions (according to Salonen et al., 2011, fotions, which may in turn have reduced the organic matter
northern Europe and Klemm et al., 2013, for Siberian low- content due to higher decomposition rates, as is also sug-
lands). We assume that a large proportion of the pollen supgested by high TOC/ TN ratios (Schirrmeister et al., 2011).
ply to the polygon originates from more distant polygons
and from the wider surroundings. The pollen signal thus re-5.4 The general polygon development

flects extra-local to regional vegetation changes rather than o ) ) )
local changes within the studied polygon. In contrast thewe observed marked variations in the sedimentation record

non-pollen palynomorphs are mainly remains of aquatic or-Of the polygon. Previous studies have shown that sediment

ganisms and thus represent a local signal (Birks and BirksCOres from the thawed layer of polygons in arctic landscapes

1980). provide useful archives for palaeoenvironmental studies (El-

Diatoms are abundant in arctic freshwater systems. Wi and Rochefort, 2004; De Klerk et al., 2011). The grain-
observed the most marked changes in the diatom recorgiz€ data indicate that various sources contributed to the
with respect to habitat preference. As reported in other studMinérogenic input in Subunit 1.1 and that the influence of

ies from Yakutia (e.g. Pestryakova et al., 2012), the spectrdiverine flooding was low, which is supported by the rela-
are dominated by cosmopolitan taxa, with minor contribu- tively high TOC values and TOC/TN ratios. The vegetation
was dominated biprepanocladus cossonivhich was found

tions of arcto-alpine and boreal forms. The most common =k =~
species found by Patrick and Reimer (1966) in Alaska, byby Peterson and Billings (1980) to be characteristic of wet

Moore (1975) in the southern part of Baffin Island, and by €nvironments; de Klerk et al. (2011), also found only sparse
Komarenko and Vasilyeva (1975), Pestryakova (2008), andistributions of this species on dry rims. Thus thg present—dgy
Palagushkina et al. (2012) in northern Yakutia (€gnotia polygon centre was a wet depression, even during the e.arllest
praerupta, Tabellaria flocculosa, Achnanthidium minutissi- "écorded phase of development of the polygon. The diatom
mur) were also identified in our polygon and, as in these @5SeéMmblage is dominated by epiphytes, and epiphytes that are
other studies, our shallow waterbody was dominated by benSPecialized on moss require a particularly long ice-free pe-
thic and epiphytic taxa. A previous study revealed that theriod for their development (Moser et al., 2000), providing an

diatom specie3abellaria flocculosandicates relatively sta-  indication that favourable growing conditions must have ex-
ble environmental conditions, whildavicula vulpina(ben-

isted. According to Palagushkina et al. (2012), the presence
thic diatom species) prefers unstable, slightly alkaline an

Jof Tabellaria flocculosandicates stable, slightly acidic en-
oligotrophic phases. The proportionNévicula vulpinavas vironmental conditions. The lower part of Subunit 1.1 was
found to have increased in Unit 2.

characterized by a relatively low water level, and the upper
We interpret the mossédeesia triquetraand Scorpidium

part by a relatively high pH. Relatively warm conditions dur-
scorpioidesto represent changing environmental dynamics

ing that period can be inferred from the high abundances of
in the water-logged polygon depression and the adjacent rimAInus fruticosatype.
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Repeated riverine flooding is indicated by the sandy,mutually exclusive habitat requirements suchNmvicula
organic-poor sediments of Subunit 2.1. The high rate of sedvulpinaandMeesia triquetrgindicators of unstable and dis-
iment supply probably led to a turnover in the moss cov-turbed conditions), andabellaria flocculosaand Scorpid-
erage. Apart from the floating Amblystegiacedtafhato-  ium scorpioidegindicators of relatively stable conditions in
caulis vernicosusind Drepanocladus exannulatughere is  an established environment) co-occur in one and the same
an abundance d#leesia triquetrawhich is known as a pio- sample, which may indicate that the temporal resolution of
neer species in young, post-glacial mires (Nebel and Philippithe samples was not high enough to differentiate between
2000) characterized by minerogenic sediments. Furthermorandividual subunits. However, the dominanceSforpidium
the greatest moss diversity was observed in this section, aacorpioidegand Gomphonema lagerheiniindicates that a
additional indication of unstable growing conditions. Simi- permanent water-filled pond existed for at least some peri-
larly, the diatom record was dominated by benthic diatomsods within this subunit. As was the case for Subunit 2.1, this
(often cosmopolitan species with a large ecological ampli-polygon stage co-occurred with an expansion of tundra ele-
tude) with preferences for disturbebtlgvicula vulpind or ments in the surrounding area.
more aerophilicilantzschia amphioxyfabitats. Compared The accumulation of Subunit 1.3 saw the start of condi-
to Subunit 1.1, the diatoms in Subunit 2.1 reflect an increaseions similar to those of the present day. The minerogenic
in the pH (Dam et al., 1994), probably because the polygon’snflux is dominated by a fine silt fraction, which we assume
internal pH adjustment was repeatedly disturbed by fresh into be a result of lateral water flow through the polygon body.
puts of sediment and water. A sudden change to a short peA stable stage is indicated by the dominanceTalbellaria
riod of dominance of planktonic diatoms indicates that theflocculosaand by the monospecifi8corpidium scorpioides
polygon was affected by an extreme flooding event (also indi-vegetation occupying the permanent waterbody. A decrease
cated by an input of riverinBinuspollen), and that the water in Scorpidium scorpioide®ward the top of the section can
level remained high for that period of time. A study by Moser be recognized in Section B, which may indicate a slight low-
et al. (2000) showed that, in Canadian and Finnish lakesring of the water level as a result of either an increase in
with depths of less than 5m, planktonic diatoms never ex-evaporation or a decrease in water influx during recent times.
ceeded 20 % of the total diatom community. The vegetationThe vegetation in the surrounding area was characterized by
on the polygon rim and in the uplands of the wider area surthe highestAlnus fruticosatype percentages and the low-
rounding the polygon contained relatively high proportions est Poaceae pollen percentages of the entire section, partic-
of Poaceae, which indicates cold conditions (Andreev et al.ularly in the upper part of Subunit 1.3, indicating the most
2002). Early summer temperatures may have been decreafavourable growing conditions in the entire record.
ing at the time, resulting in reduced evapotranspiration within
the polygon and an increase in the soil moisture (8egopd 5.5 Polygon development as a function of external

Birks, 2001), which may in turn have led to a lower water controls and internal adjustment mechanisms
absorbance capacity and eventually to more extreme flood-
ing along the banks of the Anabar River. The studied polygon is part of a large polygonal field and

The riverine sediment input was low during the accumula-has the typical form of a low-centred polygon, with rims be-
tion of Subunit 1.2. The polygon was fully covered by moss, tween the adjacent polygons (Chernov and Matveyeva, 1997;
as indicated by both the high VPM ratio and the high pro- Meyer, 2003). We therefore assume that it represents a model
portion of specialized epiphytic diatoms growing on mossy polygon for the North Siberian Lowland and that inference
habitats Gomphonema lagerheiniiThe diatoms indicate concerning polygon development can, with caution, also be
a shallow water level between swamp mosses. Despite ofipplied to other polygons in the same area. We hypothesize,
these indications of rather stable conditions within the poly-on the basis of the spatial and temporal analyses of this poly-
gon,Scorpidium scorpioidesvhich often prefers submerged gon on the Anabar River lowlands of north-eastern Siberia,
habitats (Miller, 1980), suddenly became established in bottthat polygon development is driven by both external con-
Core C and Section B in the middle part of this subunit. trols and internal adjustment processes. Factors acting on a
Either the conditions within Subunit 1.2 changed from a (supra-)regional scale such as climate, overall soil substrate,
temporarily water-filled depression to a permanently estab-or river flooding exert pulses of external influence that dis-
lished pond, or the hydrological conditions did not changeturb the dynamic equilibrium within the polygon that is oth-
but Scorpidium scorpioidejsist invaded the area at thattime. erwise maintained by local regulatory mechanisms such as
Favourable growing conditions can be inferred from the highplant colonization (Epstein et al., 2012; Shaver and Chapin

proportions ofAlnus fruticosatype andLarix in the poly- lll, 1991), moisture, summer heating and soil thawing (Pe-
gon rim and upland vegetation, and the reduced proportiorterson and Billings, 1980; Vitt, 1995; Woo and Guan, 2006),
of Poaceae. and ice wedge growth or peat accumulation (Chernov and

The grain-size data indicate that riverine flooding againMatveyeva, 1997). Through these internal adjustments the
became more common during Subunit 2.2, but not to theequilibrium in the biotope is reconfigured, and feedbacks can
same extent as in Subunit 2.1. Interestingly, organisms wittoccur that either reduce or amplify the impact of the external
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L s stable stage

- Larix gmelinii, Alnus sp., Salix spp.
. Carex spp., Meesia triquetra

Scorpidium scorpioides, Tabellaria flocculosa, epiphytic diatoms
unstable stage
(Unit 2)

—— water table during flooding events

. Poaceae

= high sand fraction, Meesia triquetra, Navicula vulpina, benthic diatoms

Fig. 10. Presentation showing vegetation cover during stable (Unit 1) and unstable (Unit 2) stages. For Unit 1 we detected a shrub—tussock
tundra with scattered occurrencedlafrix, while Unit 2 had a high proportion of sand, which affected plant communities on the rim and in
the water-saturated depression (Willkesia triquetry

controls (Harding et al., 2002; Oechel and Vourlitis, 1994). an initial depression stage with water-logged conditions, re-
Climatic factors and a loose soil substrate may represent thélected by deposition of the first unit, followed by successive
primary external controls in the initiation and development of deepening of the depression during subsequent time periods
polygons. Rapidly falling temperatures in autumn lead to an(Chernov and Matveyeva, 1997).

increase in tensile elongation within the soil substrate, which It is assumed that the crack-initiated shape of a polygon
then begins to crack (French, 2007). Meltwater or river wa-is the result of interactions between its position within the
ter fills these cracks during the subsequent spring, and thelandscape and the nature of the soil substrate (French, 2007;
freezes forming ice veins which, depending on their length,Minke et al., 2007). Our polygon is situated within an old
thaw during the following summer and either fill with sed- meander belt of the Anabar River.

iment or initiate perennial ice wedges (Romanovsky, 1985). Polygons in Canada have been found to develop on sed-
The annual growth of the wedges (approximately 1 mmtyr  iments of various glacial and fluvial origins (Burn, 1990;
Ovenden, 1990) lifts the ambient soil substrate and forms elfortier and Allard, 2004). However, the original substrate
evated polygonal rims. As a consequence of the rim uplift, afor the polygon field in which our studied polygon is located
depression then develops in the polygon centre. We interprgbrobably consisted of river sands from the Anabar River, but
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these may have already had a history of soil development. Al6  Conclusions

though polygons in Siberian lowlands typically occur along

riverbanks, the rivers themselves have seldom been considthe low-centred polygon in this study is at an advanced stage
ered to be drivers of polygon development, which is whatOf succession in space and time, with distinctive vegetation
we propose for our p0|ygon record from the Anabar River patterns. The main conclusions drawn from our research are
lowlands. We assume that the polygon’s development was afas follows:

fected by slow lateral water inflow through the polygon dur-
ing the accumulation of the sediments of Unit 1 (Fig. 10). In
contrast, during the accumulation of Unit 2 the polygon was
repeatedly flooded and the water velocity was high enough
to transport medium-grained, and even coarse-grained, sand.
However, the flooding would only have been seasonal as the
vegetation (represented by the moss and diatom record) does
not indicate a permanently high water level during the ma-
jor growing season (Fig. 10). A long-term flood probably did
occur during the deposition of the sediments at 20.5 cm core

length in Core C, which are characterized by a high plank- 2. The peat composition differs depending on the stabil-
tonic diatom component. The development of the polygon ity of the environmental conditions. Stable conditions
was interrupted by the impact of this new control, but sub-  occurred during periods with little or no riverine flood-
sequently returned to the previous level of development. We  jng, when submerged moss communities overgrown by
assume that a relatively stable stage was established during  epiphytic diatoms dominated the polygon centre. Dur-
the accumulation of Unit 1, as suggested by the relatively  ing times of repeated riverine flooding (indicated by
low diversity in the structure of the plant cover within the medium- to Coarse-grained sand within the deposits),
pond, the dominance of organisms with a narrow range of 3 community became established that was adapted to
tolerance, the complex plant-to-plant interactions (e.g. a high instability and sediment supply (i.e. a community in
number of epiphytic diatoms), and a generally high biopro-  which Meesia triquetrds abundant in the moss spectra,
ductivity. In contrast, some phases during the accumulation  and benthic taxa in the diatom record). However, despite
of Unit 2 represent long-term disturbance and instability in changes in the composition of the pond community, the
the sedimentary succession within the low-centred polygon, general position of the pond and rim has not changed
initiated by repeated phases of sediment input as indicated,  over the last- 1500 yr of recorded peat accumulation.
for example, by the large number of benthic taxa (which are
often pioneer taxa) and the high diversity of mosses present 3. The development of polygons in flood plains is not
(as concurrence may not yet have led to species exclusion).  straightforward and is influenced by the river, which
Our records suggest that the controlling factors discussed ~ may in turn be related to climatic conditions. However,
above may be interdependent with regards to their timingand ~ various internal regulating factors within the polygon

1. The present-day spatial vegetation patterns are closely
related to abiotic factors: we observed the elevation
above or below the water level to be the main controlling
factor. Rim vegetation (dominated hyrix, Vaccinium,
Dryasor Poaceae) can be differentiated from vegetation
in the rim-to-pond transition zonéAfidromeda, Pedic-
ularis or Care® and in the pond (comprised solely of
Scorpidium scorpioides$ndicating thatCarexis limited
by a higher water level in the pond).

strength. Flooding, for example, was found to be more ex- react to these changes and affect succession after such
treme during the colder climatic periods. Thus the response  pulses of external influence, readjusting the system to a
of a polygon to climate change is complex and difficult to dynamic equilibrium under the new environmental con-
predict. We tentatively infer from our records that higher ditions.

temperatures and reduced flooding would result in the poly-
gon communities being characterized by high moss produc-
tivity (with a high moss to minerogenic sediment ratio), a low
pH, and a specialized diatom community that is epiphytic on
moss.
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Appendix A

Table Al. Accelerator mass spectrometry dates from polygon 07-SA-LY.

Section/ Depth Radiocarbon Age [cal.yrAD] Fraction

Core [em] [yrBP] (& range) (C content)

Section A 19.6 42& 27 1426-1495 plant seed (1.9 mg)
40.3 158424 420-539 plant seed, wood (2.3 mg)

SectionB  49.5 1564 35 417-568 plant seed (0.7 mg)

Core C 3.5 34225 1536-1635 mosses (Amblystegiaceae) (0.97 mg)
5.5 791+ 25 1213-1275 mosses (Amblystegiaceae) (1.22 mg)
6.5 5444 23 1391-1431  plants (2.47 mg)
8.5 535+ 25 1392-1436  mosses (unidentified species) (1.1 mg)
125 435+ 20 1430-1471 mosses (unidentified species) (2.5 mg)
15.5 568+ 23 1387-1419 mosses (Amblystegiaceae) (2.47 mg)
20.5 69%H 22 1368-1382 mosses (Amblystegiaceae) (2.3 mg)
24.5 518+ 22 1398-1440 mosses (Amblystegiaceae) (1.53 mg)
25.5 407+ 26 1436-1516 plants (3.5mg)

Grain-size [um]

500 200 100 50 10 1 0.2
40— T T T T T
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I |
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Grain-size [phi]

Fig. A1. Endmember loadings for samples from sections A, B and Core C represent sedimentological interpretable unmixed grain-size
distributions (grey solid lines: all endmembers from the 16 endmember modelling versions).
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Fig. A2. Summary plot of organic matter (TOC, TOC/TN) and granulometric characteristics (endmember scores and grain-size distribution)
from sections A and B. The granulometric parameters for Section B, 9.2 cm to 6.9 cm, were not measured.
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Fig. A4. Moss spectrum for Section B. The figure does not include the complete moss spectrum as only several Amblystegiaceae taxa were
analysed in this section, especiaBgorpidium scorpioides, Calliergon giganteuamdMeesia triquetrgafter Schilling, 2012).
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Fig. A5. Results of the macrofossil analysis for Section A.
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vicinity of the Section B sampling location (see Fig. 3).

www.biogeosciences.net/10/5703/2013/ Biogeosciences, 10, 57282013



5724 R. Zibulski et al.: River flooding as a driver of polygon dynamics

AulSub 2D
C-225 MeeTri *
NavRhy HanARETT¥"
Mavlan
| c245
(o] GomLag
5 C17.5
C-25.3
GomEra .
c-105 dmver:  Unit 2
c
Dr& cres
C-85
Stesp. - -
o | C-125 ”@'@g?r
o Eunarc Stasp.
[ ]
© TabFle
é E
EunPra
* CE5
) R SelPup 195
EunBil : C45
C-2685 StaAgr c75 , -
o) . Botryococclis Havvul
(=T Alnus Cas5 C-55
! c-0.5
C-25 Pinklic
PinBr
C-15
Unit 1 : Legend
Scobco ) _ _
AulSub included diatom species
smCe i Steldi .
a Cymees - Eunblin " cos included samples of Core C
! AlNus overlayed parameters
* gignificant parameter
e
I T T I
0.5 0.0 0.5 1.0
Axis 1

Fig. A7.NMDS plot of the diatom community (excluding the samples at 21.5 and 19.5 cm length), overlain by the calculated robust endmem-
ber (EM1) and the residual member (RM), together with data on important species of moss, pollen, and non-palynomorphs. For abbreviations

of diatom species, see Table Al,

Biogeosciences, 10, 5703#28 2013 www.biogeosciences.net/10/5703/2013/



R. Zibulski et al.: River flooding as a driver of polygon dynamics 5725

AcknowledgementsThe study is a contribution to the joint Birks, H. J. B. and Birks, H. H.: Quaternary Palaeoecology, Edward
Russian—German project entitled “Polygons in tundra wetlands: Arnold, London, 1980.

State and dynamics under climate variability in polar regions” Blok, D., Heijmans, M. M. P. D., Schaepman-Strub, G., Kononov,
(Russian Foundation for Basic Research, RFBR grant no. 11-04- A. V., Maximov, T. C., and Berendse, F.: Shrub expan-
91332-NNIO-a, Deutsche Forschungsgemeinschaft, DFG grant sion may reduce summer permafrost thaw in Siberian tun-
no. HE 3622-16-1). We thank all colleagues who helped us during dra, Glob. Change Biol., 16, 1296-1305, d6i:1111/j.1365-
the fieldwork and those who assisted with the analytical work 2486.2009.02110,2010.

in the geochemical laboratories (Ute Bastian, Antje Eulenburg,Boike, J., Wille, C., and Abnizova, A.: Climatology and sum-
Liv Heinecke) and the Stable Isotope Laboratory (Hanno Meyer) mer energy and water balance of polygonal tundra in the
at the Alfred Wegener Institute in Potsdam. Furthermore, we thank Lena River Delta, Siberia, J. Geophys. Res., 113, G03025,
T. Bohmer for the help with map preparation, M. Wieczorek for ~ doi:10.1029/2007JG000542008.

support with R graphics, J. Klemm for timely helping with the Boike, J., Kattenstroth, B., Abramova, K., Bornemann, N.,

English genitive and E. Manning for English proofreading. Chetverova, A., Fedorova, |., &, K., Grigoriev, M., Giiber,
M., Kutzbach, L., Langer, M., Minke, M., Muster, S., Piel, K.,
Edited by: I. Bussmann Pfeiffer, E.-M., Stoof, G., Westermann, S., Wischnewski, K.,

Wille, C., and Hubberten, H.-W.: Baseline characteristics of cli-
mate, permafrost and land cover from a new permafrost obser-
References vatory in the Lena River Delta, Siberia (1998-2011), Biogeo-
sciences, 10, 2105-2128, dd:5194/bg-10-2105-2012013.
Abaimov, A. P.: Geographical Distribution and Genetics of Siberian Botch, M. S., Kobak, K. I., Vinson, T. S., and Kolchugina,
Larch Species, in Permafrost Ecosystems, vol. 209, edited by: T. P.. Carbon pools and accumulation in peatlands of the
Osawa, A., Zyryanova, O. A., Matsuura, Y., Kajimoto, T., Wein,  former Soviet Union, Global Biogeochem. Cy., 9, 37-46,
R. W, Billings, W. D., Golley, F., Lange, O. L., Olson, J. S.,and  do0i:10.1029/94GB03156.995.
Remmert, H., Springer Netherlands, 41-58, 2010. Braun-Blanquet, J.: Pflanzensoziologie: Gruingiz der Vegetation-
Anderberg, A.-L.: Atlas of Seeds: And Small Fruits of Northwest-  skunde, Wien, 1964.
European Plant Species with Morphological Descriptions (Swe-Burn, C. R.: Implications for palaeoenvironmental reconstruction
den, Norway, Denmark, East Fennoscandia, and Iceland), of recentice-wedge development at Mayo, Yukon territory, Per-
Swedish Natural Science Research Council, Stockholm, 1994, mafrost Periglac., 1, 3—14, dD.1002/ppp.3430010103990.
Andreev, A., Schirrmeister, L., Siegert, C., Bobrov, A. A., Demske, Chernoy, Y. |. and Matveyeva, N. V.: Arctic ecosystems in Russia,
D., Seiffert, M., and Hubberten, H. W.: Paleoenvironmental  Ecosystems of the World, 361-508, 1997.
changes in Northeastern Siberia during the Late QuaternaryCzudek, T. and Demek, J.: Thermokarst in Siberia and its influence
evidence from pollen records of the Bykovsky Peninsula, Polar-  on the development of lowland relief, Quat. Res., 1, 103-120,

forschung, 70, 13-25, 2002. doi:10.1016/0033-5894(70)90013-X970.
Andreev, A. A., Schirrmeister, L., Tarasov, P. E., Ganopol- Dam, H. V., Mertens, A., and Sinkeldam, J.: A coded check-
ski, A., Brovkin, V., Siegert, C., Wetterich, S., and Hub- list and ecological indicator values of freshwater diatoms from

berten, H.-W.. Vegetation and climate history in the Laptev  The Netherlands, Netherlands J. Aquat. Ecol., 28, 117-133,
Sea region (Arctic Siberia) during Late Quaternary in-  doi:10.1007/BF023342511994.
ferred from pollen records, Quat. Sci. Rev., 30, 2182-2199,De Klerk, P.: Patterns in vegetation and sedimentation during the

doi:10.1016/j.quascirev.2010.12.0Z011. Weichselian Late-glacial in north-eastern Germany, J. Biogeogr.,
Anon: The diatoms of the USSR, Nauka, Leningrad, 1974. 35, 1308-1322, 2008.
Anon: The diatoms of the USSR, Nauka, Leningrad, 1988. De Klerk, P., Donner, N., Karpov, N. S., Minke, M., and Joosten,
Anon: The diatoms of the USSR, Nauka, Leningrad, 1992. H.: Short-term dynamics of a low-centred ice-wedge polygon

Anon: The diatoms of Russia and adjacent countries (fossil and near Chokurdakh (NE Yakutia, NE Siberia) and climate change
modern), St. Petersburg University Press, St. Petersburg, 2003.  during the last ca 1250 years, Quat. Sci. Rev., 30, 3013-3031,

Beijerinck, W.: Zadenatlas der Nederlandsche Flora ten Behoeve doi:10.1016/j.quascirev.2011.06.Q111.
van de Botanie, Palaeontologie, Bodemcultuur en WarenkennisDietze, E., Winnemann, B., Hartmann, K., Diekmann, B., Opitz,
Veenman, Wageningen, 1947. S., Paprotzki, M., Runge, M., Yang, S., and Lockot, G.: Windows

Berggren, G.: Atlas of seeds and small fruits of Northwest- into the past: On-shore high-stand sediments from lake Donggi
European plant species (Sweden, Norway, Denmark, East Cona, NE Tibetan Plateau, 14, p. 2507, EGU2012-2507, 2012.
Fennoscandia and Iceland) with morphological descriptions;Donner, N.: Hydrological windows in low-centered arctic polygons.
Part 2, Cyperaceae, Swedish Natural Science Research Council, A landscape ecological perspective on polygon mires, MSc the-
Stockholm, 1969. sis, Greifswald University, 45 pp. + annexes, 2007.

Berggren, G.: Atlas of seeds and small fruits of northwest-Europearkllis, C. J. and Rochefort, L.: Century-scale development of
plant species (Sweden, Norway, Denmark, East Fennoscandia polygon-patterned tundra wetland, Bylot Island (73 N, 80 W),
and Iceland) with morphological descriptions: part 3. Salicaceae- Ecology, 85, 963-978, 2004.

Cruciferae, Swedish Museum of Natural History, Stockholm, Epstein, H. E., Raynolds, M. K., Walker, D. A., Bhatt, U. S., Tucker,
1981. C. J., and Pinzon, J. E.: Dynamics of aboveground phytomass of

Beug, H. J.: Leitfaden der Pollenbestimmuiig Mitteleuropa und the circumpolar Arctic tundra during the past three decades, Env-
angrenzende Gebiete (Mit 120 Tafeln, 29 Abbildungen und 13 jron. Res. Lett., 7, 015506, d&.1088/1748-9326/7/1/015506
Tabellen), 1. Auflage, Pfeil, Bhchen, 2004.

www.biogeosciences.net/10/5703/2013/ Biogeosciences, 10, 57282013


http://dx.doi.org/10.1016/j.quascirev.2010.12.026
http://dx.doi.org/10.1111/j.1365-2486.2009.02110.x
http://dx.doi.org/10.1111/j.1365-2486.2009.02110.x
http://dx.doi.org/10.1029/2007JG000540
http://dx.doi.org/10.5194/bg-10-2105-2013
http://dx.doi.org/10.1029/94GB03156
http://dx.doi.org/10.1002/ppp.3430010103
http://dx.doi.org/10.1016/0033-5894(70)90013-X
http://dx.doi.org/10.1007/BF02334251
http://dx.doi.org/10.1016/j.quascirev.2011.06.016
http://dx.doi.org/10.1088/1748-9326/7/1/015506

5726 R. Zibulski et al.: River flooding as a driver of polygon dynamics

2012. Klemm, J., Herzschuh, U., Pisaric, M. F. J., Telford, R., Heim, B.,
Farquhar, G. D., Ehleringer, J. R., and Hubick, K. T.: Carbon isotope and Pestryakova, L. A.: A pollen-climate transfer function from

discrimination and photosynthesis, Annu. Rev. Plant Biol., 40, the tundra and taiga vegetation in Arctic Siberia and its appli-

503-537, 1989. cability to a Holocene record, Palaeogeogr. Palaeocl., 386, 702—
Fiedler, S., Wagner, D., Kutzbach, L., and Pfeiffer, E. M.: Ele- 713, doi10.1016/j.palae0.2013.06.033013.

ment redistribution along hydraulic and redox gradients of low- Komarenko, L. E. and Vasilyeva, I. |.: Prespovodnye diatomovye i

centered polygons, Lena Delta, northern Siberia, Soil Sci. Soc. sinezelenye vodorosli vodoemé\kutii, Nauka, Moskva, 1975.

Am. J., 68, 1002-1011, 2004. Krammer, K.: Diatoms of Europe, The genus Pinnularia, A.R.G.
Fortier, D. and Allard, M.: Late Holocene syngenetic ice- Gantner Verlag, Knigstein, 2000.

wedge polygons development, Bylot Island, Canadian arcticKrammer, K.: Diatoms of Europe, The genus Cymbella, A.R.G.

archipelago, Can. J. Earth Sci., 41, 997-1012, 2004. Gantner Verlag, Knigstein, 2002.
Frahm, J. P.: Biologie der Moose, Spektrum Akademischer Verlag,Krammer, K.: Diatoms of Europe, The genera Cymbopleura,
Berlin, 2001. Delicata, Navicymbula, Gomphocymbellopsis, Afrocymbella,
Frahm, J.-P. and Frey, W.: Moosflora, 4, neubearbeitete und erweit- A.R.G. Gantner Verlag, &nigstein, 2003.
erte Auflage, UTB, Stuttgart, 2004. Krammer, K. and Lange-Bertalot, H.: Bacillariophyceae, in
French, H. M.: The periglacial environment, John Wiley and Sons, Sisswasserflora von Mitteleuropa, vol. 2, Gustav Fischer Verlag,
New York, 2007. Stuttgart/Jena, 1986.

Harding, R., Kuhry, P., Christensen, T. R., Sykes, M. T., Dankers,Lange-Bertalot, H.: 85 neue Taxa uriber 100 weitere neu
R., and Linden, S.: Climate feedbacks at the tundra-taiga inter- definierte Taxa e@nzend zur Bsswasserflora von Mitteleuropa,
face, Ambio, 12, 47-55, 2002. A.R.G. Gantner Verlag, Stuttgart, 1993.

Hobbie, S. E., Schimel, J. P,, Trumbore, S. E., and Randerson, J. RLange-Bertalot, H.: Diatoms of Europe, Navicula sensu stricto. 10
Controls over carbon storage and turnover in high-latitude soils, Genera separated from Navicula sensu lato. Frustulia, A.R.G.
Glob. Change Biol., 6, 196210, 2002. Gantner Verlag, Knigstein., 2001.

Hofle, S., Rethemeyer, J., Mueller, C. W., and John, S.: OrganicLange-Bertalot, H. and Genkal, S. |.: Diatoms from Siberia. I. Is-
matter composition and stabilization in a polygonal tundra soil lands in the Arctic Ocean (Yugorsky-Shar Strait)yri{gstein,
of the Lena-Delta, Biogeosciences Discuss., 9, 12343-12376, 1999.
doi:10.5194/bgd-9-12343-2012012. Lange-Bertalot, H. and Metzeltin, D.: Indicators of oligotrophy,

Hederds, L.: Amblystegiaceae — Drepanocladus, Bryophyte Flora Koeltz Scientifc Books, Knigstein, 1996.
of North America, Provisional Publication, Buffalo Museum of Lange-Bertalot, H., Metzeltin, D., and Witkowski, A.: Hippodonta
Science,USA, available ahttp://www.mobot.org/plantscience/ gen. nov. Umschreibung und Bégdung einer neuen Gattung
bfna/v2/AmblDrepanocladus.htnflast access: 25 February der Naviculaceae, 1996.

2011), 2008. Liebner, S., Zeyer, J., Wagner, D., Schubert, C., Pfeiffer, E.-M.,

Huh, Y. and Edmond, J. M.: The fluvial geochemistry of the rivers and Knoblauch, C.: Methane oxidation associated with sub-
of Eastern Siberia: Ill. Tributaries of the Lena and Anabar drain- merged brown mosses reduces methane emissions from Siberian
ing the basement terrain of the Siberian Craton and the Trans- polygonal tundra, J. Ecol., 99, 914-922, d6i:1111/j.1365-
Baikal Highlands, Geochim. Cosmochim. Ac., 63, 967-987, 2745.2011.01823,2011.
doi:10.1016/S0016-7037(99)000454999. Lobin, W., Fischer, E., Frahm, J.-P., Frey, W., and Gams, H.: Kleine

Isaev, A. P., Protopopov, A. V., Protopopova, V. V., Egorova, A. A.,,  Kryptogamenflora, Bd.4, Die Moospflanzen und Farnpflanzen
Timofeyev, P. A., Nikolaev, A. N., Shurduk, I. F., Lytkina, L. P., Europas, 6. Aufl., Spektrum Akademischer Verlag, Berlin, 1995.
Ermakov, N. B., Nikitina, N. V., Efimova, A. P., Zakharova, V. Longton, R. E.: The role of bryophytes and lichens in polar ecosys-
I., Cherosov, M. M., Nikolin, E. G., Sosina, N. K., Troeva, E. I., tems, Special Publication-British Ecological Society, 13, 69-96,
Gogoleva, P. A., Kuznetsova, L. V., Pestryakov, B. N., Mironova, = 1997.

S. 1., and Sleptsova, N. P.: Vegetation of Yakutia: Elements of Loseva, E. I.: Atlas of freshwater Pleistocene diatoms from north-
Ecology and Plant Sociology, in: The Far North, vol. 3, edited  eastern Europe, Nauka, St. Petersburg, 2000.

by: Troeva, Isaev, E. |, A. P., Cherosov, M. M., and Karpov, N. Luthin, J. N. and Guymon, G. L.: Soil moisture-vegetation-
S., Springer Netherlands, Dordrecht, 143—-260, 2010. temperature relationships in central Alaska, J. Hydrol., 23, 233—

Jager, E. J.: Rothmaler — Exkursionsflora von Deutschland. 246, doi10.1016/0022-1694(74)90005-B974.

Bd. 2: GeflRpflanzen: Grundband, 19. Aufl. 2005, Spektrum Mackay, J. R.: Thermally induced movements in ice-wedge poly-
Akademischer Verlag, Berlin, 2005. gons, western arctic coast: a long-term study, Geogr. Phys.

Jones, A., Stolbovoy, V., Tarnocai, C., Broll, G., Spaargaren, O.,and Quatern., 54, 41-68, d40.7202/004846a2000.

Montanarella, L.: Soil Atlas of the Northern Circumpolar Re- Matveev, I. A. (Ed.): Agricultural Atlas of the Republic Sakha
gion, Europeen Comission, Publications Office of the European (Yakutia), Nauka, Moscow, 1989.
Union, Luxembourg, 2010. Matveyeva, N. V.: Floristic classification and ecology of tundra veg-

Katz, N. J., Katz, S. V., and Kipiani, M. G.: Atlas and Keys of Fruits etation of the Taymyr Peninsula, northern Siberia, J. Veg. Sci., 5,
and Seeds Occuring in the Quaternary Deposits of the USSR, 813-828, 1994.

Moscow, 1965. Meyer, H.: Studies on recent cryogenesis, in Russian-German Co-

Kilian, M. R., Van der Plicht, J., and Van Geel, B.: Dating raised  operation System Laptev Sea, vol. The expedition LENA 2002,
bogs: new aspects of AMS 14C wiggle matching, a reservoir ef- BerPolarforschung und Meeresforschung, Bremerhaven, 29-48,
fect and climatic change, Quat. Sci. Rev., 14, 959-966, 1995. 2003.

Biogeosciences, 10, 5703#28 2013 www.biogeosciences.net/10/5703/2013/


http://dx.doi.org/10.5194/bgd-9-12343-2012
http://www.mobot.org/plantscience/bfna/v2/AmblDrepanocladus.htm
http://www.mobot.org/plantscience/bfna/v2/AmblDrepanocladus.htm
http://dx.doi.org/10.1016/S0016-7037(99)00045-9
http://dx.doi.org/10.1016/j.palaeo.2013.06.033
http://dx.doi.org/10.1111/j.1365-2745.2011.01823.x
http://dx.doi.org/10.1111/j.1365-2745.2011.01823.x
http://dx.doi.org/10.1016/0022-1694(74)90005-5
http://dx.doi.org/10.7202/004846ar

R. Zibulski et al.: River flooding as a driver of polygon dynamics 5727

Miller, N. G.: Mosses as Paleoecological Indicators of Lateglacial Post, W. M., Emanuel, W. R., Zinke, P. J., and Stangenberger,
Terrestrial Environments: Some North American Studies, B. Tor- A. G.: Soil carbon pools and world life zones, 298, 156-159,
rey Bot. Club, 107, 373-391, d@.2307/24841581980. doi:10.1038/29815630.982.

Minke, M., Donner, N., Karpov, N. S., De Klerk, P., and Joosten, Price, G. D., McKenzie, J. E., Pilcher, J. R., and Hoper, S. T.:
H.: Distribution, diversity, development and dynamics of poly-  Carbon-isotope variation in Sphagnum from hummock-hollow
gon mires: examples from Northeast Yakutia (Siberia), Peatlands complexes: implications for Holocene climate reconstruc-
Int., 1, 36-40, 2007. tion, Holocene, 7, 229-233, d&D.1177/095968369700700211

Minke, M., Donner, N., Karpov, N., De Klerk, P., and Joosten, 1997.

H.: Patterns in vegetation composition, surface height and thawReimer, P. J., Baillie, M. G. L., Bard, E., Bayliss, A., Beck, J. W,
depth in polygon mires in the Yakutian Arctic (NE Siberia): a mi- Bertrand, C. J. H., Blackwell, P. G., Buck, C. E., Burr, G. S., and
crotopographical characterisation of the active layer, Permafrost Cutler, K. B.: IntCal04 terrestrial radiocarbon age calibration, O—

Periglac., 20, 357-368, 2009. 26 cal kyr BP, Radiocarbon, 46, 1029-1058, 2004.
Moore, J. W.: Benthic algae of southern Baffin Island, IV. Annotated Riordan, B., Verbyla, D., and McGuire, A. D.: Shrinking ponds in

list of Bacillariophyta, Nova Hedwigia, 26, 205-223, 1975. subarctic Alaska based on 1950-2002 remotely sensed images, J.
Moore, P. D., Webb, J. A., and Collinson, M. E.: Pollen analysis, Geophys. Res., 111, G04002, ddi:1029/2005JG000152006.

2nd Edn., Blackwell Science, Oxford, 1991. Rivas-Martinez, S. and Rivas-Saenz, S.: Worldwide Biocli-
Moser, K. A., Korhola, A., Wekcstim, J., Blom, T., Pienitz, R., matic Classification System, 1996—2009, Phytosciological Re-

Smol, J. P, Douglas, M. S. V., and Hay, M. B.: Paleohydrology search Center, Spain [online] Available fronmttp://www.
inferred from diatoms in northern latitude regions, J. Paleolim-  globalbioclimatics.org/default.htm(last access: 25 October
nol., 24, 93-107, dal:0.1023/A:1008173901592000. 2012), 2007.

Miller, S., Tarasov, P. E., Andreev, A. Aiitken, T., Gartz, S.,and Romanovsky, N. N.: Distribution of recently active ice and soil
Diekmann, B.: Late Quaternary vegetation and environments in  wedges in the USSR, in: Field and Theory: Lectures in Geocry-
the Verkhoyansk Mountains region (NE Asia) reconstructed from  ology, edited by: Church, M. and Slaymaker, S., University of
a 50-kyr fossil pollen record from Lake Billyakh, Quat. Sci. Rev., British Columbia, Canada, 154-165, 1985.

29, 2071-2086, 2010. Runkle, B. R. K., Sachs, T., Wille, C., Pfeiffer, E.-M., and Kutzbach,
Nebel, M. and Philippi, G.: Die Moose BadeniMtembergs, Ul- L.: Bulk partitioning the growing season net ecosystem ex-
mer, Stuttgart, 2000. change of CQ in Siberian tundra reveals the seasonality of its

Oechel, W. C. and Vourlitis, G. L.: The effects of climate charge on  carbon sequestration strength, Biogeosciences, 10, 1337-1349,
land — atmosphere feedbacks in arctic tundra regions, Trend Ecol. doi:10.5194/bg-10-1337-2012013.
Evol., 9, 324-329, dol:0.1016/0169-5347(94)90152-X994. Salonen, J. S., Sepp H., Vdliranta, M., Jones, V. J., Self,
Oksanen, J., Kindt, R., Legendre, P., O'Hara, B., Stevens, M. H. A., Heikkila, M., Kultti S., and Yang, H.. Holocene
H., Oksanen, M. J., and Suggests, M.: The vegan package, Com- thermal maximum and late-Holocene cooling in the tun-

munity ecology package, available &ttp://www.R-project.org dra of NE European Russia, Quat. Res., 75, 501-511,
(last access: October 2008), 2007. doi:10.1016/j.yqres.2011.01.002011.

Ovenden, L.: Peat accumulation in northern wetlands, Quat. Res.Schilling, N.: Eine isotopenbasierende Analyse an Moosen der
33, 377-386, doi:0.1016/0033-5894(90)90063-0990. nordsibirischen Tundra zur Rekonstruktion der @@amwelt

Palagushkina, O. V., Nazarova, L. B., Wetterich, S., and uber die letzten 1500 Jahren, University of Potsdam, Germany,
Schirrmeister, L.: Diatoms of modern bottom sediments 2012.
in Siberian arctic, Contemp. Probl. Ecol.,, 5, 413-422, Schirrmeister, L., Grosse, G., Wetterich, S., Overduin, P. P,
doi:10.1134/S199542551204013912. Strauss, J., Schuur, E. A., and Hubberten, H. W.: Fossil
Patrick, R. and Reimer, C. W.: The diatoms of the United States organic matter characteristics in permafrost deposits of the
(exclusive of Alaska and Hawaii). Volume 1: Systematic de- northeast Siberian Arctic, J. Geophys. Res., 116, GOOMO02,
scriptions of diatoms of the taxonomic orders Fragilariales, Eu- doi:10.1029/2011JG001642011.
notiales, Achnanthales, and Navicuales (family Naviculaceae)Sepg, H. and Birks, H. J. B.: July mean temperature and annual
Monograph 13, The Academy of Natural Sciences, Philadelphia, precipitation trends during the Holocene in the Fennoscandian
Pennsylvania, 1966. tree-line area: pollen-based climate reconstructions, Holocene,
Peisker, M.: Modellvorstellungen zur Kohlenstoff- 11, 527-539, doi:0.1191/09596830168022348H01.
Isotopendiskriminierung bei der Photosynthese von C 3-und CShaver, G. R. and Chapin lll, F. S.: Production: biomass relation-

4-Pflanzen, Genet. Resour. Crop Ev., 32, 35-65, 1984. ships and element cycling in contrasting arctic vegetation types,
Pestryakova, L. A.: Diatomovye kompleksy ozer Yakutii, Yakutsk  Ecol. Monogr., 61, 1-31, 1991.
State University, Yakutsk, 173 pp., 2008. Tyler, C.: Soil acidity and distribution of species on tussocks and in-

Pestryakova, L. A., Herzschuh, U., Wetterich, S., and Ulrich, M.:  terspaces in schoenus vegetation of South and Southeast Sweden,
Present-day variability and Holocene dynamics of permafrost- Plant Ecol., 44, 25-35, ddi0.1007/BF00119798981.
affected lakes in central Yakutia (Eastern Siberia) inferred from Vanderpuye, A. W., Elvebakk, A., and Nilsen, L.: Plant
diatom records, Quat. Sci. Rev., 51, 56-70, 2012. communities along environmental gradients of high-arctic
Peterson, K. M. and Billings, W. D.: Tundra Vegetational Patterns mires in Sassendalen, Svalbard, J. Veg. Sci., 13, 875-884,
and Succession in Relation to Microtopography near Atkasook, doi:10.1111/j.1654-1103.2002.tb0211,72002.
Alaska, Arctic Alpine Res., 12, 473, d&D.2307/15504951980. Vitt, D. H.: Patterns of Bryophyte Diversity in Peatlands
of Continental Western Canada, Bryologist, 98, 218,

www.biogeosciences.net/10/5703/2013/ Biogeosciences, 10, 57282013


http://dx.doi.org/10.2307/2484158
http://dx.doi.org/10.1023/A:1008173901591
http://dx.doi.org/10.1016/0169-5347(94)90152-X
http://www.R-project.org
http://dx.doi.org/10.1016/0033-5894(90)90063-Q
http://dx.doi.org/10.1134/S1995425512040105
http://dx.doi.org/10.2307/1550495
http://dx.doi.org/10.1038/298156a0
http://dx.doi.org/10.1177/095968369700700211
http://dx.doi.org/10.1029/2005JG000150
http://www.globalbioclimatics.org/default.htm
http://www.globalbioclimatics.org/default.htm
http://dx.doi.org/10.5194/bg-10-1337-2013
http://dx.doi.org/10.1016/j.yqres.2011.01.007
http://dx.doi.org/10.1029/2011JG001647
http://dx.doi.org/10.1191/095968301680223486
http://dx.doi.org/10.1007/BF00119798
http://dx.doi.org/10.1111/j.1654-1103.2002.tb02117.x

5728 R. Zibulski et al.: River flooding as a driver of polygon dynamics

doi:10.2307/32433061995. Woo, M.-K. and Guan, X. J.: Hydrological connectivity and sea-

Walker, D. A., Kuss, P., Epstein, H. E., Kade, A. N., Vonlanthen, C.  sonal storage change of tundra ponds in a polar oasis environ-
M., Raynolds, M. K., and Dagis, F. J. .: Vegetation of zonal ment, Canadian High Arctic, Permafrost Periglac., 17, 309-323,
patterned-ground ecosystems along the North America Arctic doi:10.1002/ppp.5652006.
bioclimate gradient, Appl. Veg. Sci., 4, 440-463, 2011. Yershov, E. D., Kondratyeva, K. A., Zamolotchikova, S. A., Trush,

Walling, D. E. and Moorehead, P. W.: The particle size characteris- N. I., and Dunaeva Ye, N.: Geocryological map of Russia and
tics of fluvial suspended sediment: an overview, Hydrobiologia, neighbouring republics, 1:2,500,000 scale, Moscow State Uni-
176-177, 125-149, ddi0.1007/BF00026549989. versity, Russian Ministry of Geology, edited by: Williams, P.

Weltije, G.: End-member modeling of compositional data: J. and Warren, M. T., (2003). The English language version of
Numerical-statistical algorithms for solving the explicit mixing the geocryological map of Russia and neighbouring republics
problem, Math. Geol., 29, 503-549, d:1007/BF02775085 (2nd Edn.), A project of Moscow State University, Department
1997. of Geocryology, Moscow, 1991.

Weltje, G. J. and Prins, M. A.: Muddled or mixed? Inferring palaeo- Yoshikawa, K. and Hinzman, L. D.: Shrinking thermokarst ponds
climate from size distributions of deep-sea clastics, Sediment. and groundwater dynamics in discontinuous permafrost near
Geol., 162, 39-62, ddi0.1016/S0037-0738(03)00235Z03. Council, Alaska, Permafrost Periglac., 14, 151-160, 2003.

Wetterich, S., Schirrmeister, L., Meyer, H., Viehberg, F. A., Zoltai, S. C. and Vitt, D. H.: Canadian wetlands: Environ-
and Mackensen, A.: Arctic freshwater ostracods from modern mental gradients and classification, Vegetation, 118, 131-137,
periglacial environments in the Lena River Delta (Siberian Arc-  doi:10.1007/BF00045193.995.
tic, Russia): geochemical applications for palaeoenvironmentalZubrzycki, S., Kutzbach, L., Grosse, G., Desyatkin, A., and Pfeif-
reconstructions, J. Paleolimnol., 39, 427-449, 2008. fer, E.-M.: Organic carbon and total nitrogen stocks in soils of

Wolter, J.: Late Holocene development of a polygon mire in NW  the Lena River Delta, Biogeosciences Discuss., 9, 1726317311,
Yakutia inferred from plant macrofossil and lithological analysis,  do0i:10.5194/bgd-9-17263-2012012.

University of Potsdam, Germany, 2010.

Biogeosciences, 10, 5703#28 2013 www.biogeosciences.net/10/5703/2013/


http://dx.doi.org/10.2307/3243306
http://dx.doi.org/10.1007/BF00026549
http://dx.doi.org/10.1007/BF02775085
http://dx.doi.org/10.1016/S0037-0738(03)00235-5
http://dx.doi.org/10.1002/ppp.565
http://dx.doi.org/10.1007/BF00045195
http://dx.doi.org/10.5194/bgd-9-17263-2012

