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Abstract Polygon tundra characterizes large areas of
arctic lowlands. The micro-relief pattern within polygons

offers differentiated habitats for testate amoeba (testacean)

communities. The objective of this study was to relate
testacean species distribution within a polygon to the

environmental setting. Therefore, testaceans from four

cryosol pits dug at different locations within a low-centered
polygon were studied in the context of pedological and

pedochemical data, while ground temperature and ground

moisture were measured over one summer season. The
study site is located on the Berelekh River floodplain

(Indigirka lowland, East Siberia). The environmental data

sets reflect variations along the rim-to-center transect of the
polygon and in different horizons of each pit. The testacean

species distribution is mainly controlled by the soil mois-

ture regime and pH. Most of the identified testaceans are

cosmopolitans; eight species are described from an arctic
environment for the first time. Differences in environ-

mental conditions are controlled by the micro-relief of

polygon tundra and must be considered in arctic lowland
testacean research because they bias species composition

and any further (paleo-)ecological interpretation.

Keywords Arctic tundra ! Permafrost ! East Siberia !
Testaceans ! Cryosols ! Patterned ground

Introduction

The testate amoebae (Protozoa: Testacealobosea and Test-

aceafilosea; testaceans) are a group of free-living protozo-
ans that have an organic shell (testa). Testaceans inhabit

practically all water and land habitats, but abundance and

diversity are usually highest in peatlands and in the litter of
coarse, humus-rich soils. Testate amoebae, being inherently

aquatic, restructure their communities in response to envi-

ronmental changes in, for example, ground-water table, soil
moisture, pH, content of biophilic elements (N, P, K, Ca,

Mg), and organic matter (Gilbert et al. 1998; Wilkinson and
Mitchell 2010). Due to their indicator potential, testaceans

have been extensively applied in paleoecological research

(e.g., Charman 2001; Charman et al. 2007; Mitchell et al.
2008; Lamarre et al. 2012; Payne et al. 2006, 2012).

Sphagnobiontic species serve as reliable model organisms

because they react distinctly to changes in light, soil tem-
perature, soil moisture, and oxygen concentration (Mitchell

and Gilbert 2004). Testacean communities preserved in

permafrost are increasingly employed to reconstruct local
soil conditions during the late Quaternary past (Bobrov

et al. 2004, 2009; Andreev et al. 2009; Müller et al. 2009;

Meyer et al. 2010; Schirrmeister et al. 2011; Wetterich et al.
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2012), while modern testate amoeba research in tundra

environments focuses on using testaceans as indicators of
ongoing climate warming processes in the terrestrial Arctic

(Beyens et al. 2009; Tsyganov et al. 2011, 2012).

Polygonal tundra patterned-ground elements are sensitive
indicators of environmental and climate changes. Polygon

ponds, mires, and cryosols are typical components of arctic

Siberian wetlands underlain by permafrost. Recently, testa-
ceans from modern tundra habitats have been described from

several arctic and subarctic regions in Greenland, Canada,
Sweden, and Alaska (Beyens et al. 1986a, b, 1990, 1992;

Beyens and Chardez 1995; Trappeniers et al. 1999; Beyens

et al. 2000; Mattheeussen et al. 2005; Payne et al. 2006;
Markel et al. 2010). These studies focused on surface sam-

ples. Testacean species abundance and diversity along a

depth gradient in soil profiles and spatial distribution within,
for example, a polygon structure have not been studied in the

Arctic, although Vincke et al. (2006) examined species

distribution from subantarctic soil profiles.
In most organic-rich permafrost soils, vertical stratifi-

cation reflects different stages of organic turnover or

humification of floral, faunal, and microbial remains. Each
soil horizon represents a distinct ecological niche for its

resident testate amoeba species. Therefore, the polygon

micro-relief controlling, for example, the vegetation cover
and the moisture content as well as the depth at which

testaceans occur below the surface have great importance

for testacean studies in tundra soils. The moisture regime in
arctic soils underlain by permafrost is triggered by the

seasonal (summertime) thawing of the uppermost layer and

the waterlogging of this active layer above the imperme-
able permafrost table by precipitation and melt-water.

These characteristics have not been taken into account in

testacean studies of arctic environments to date.
The study presented here aims to (1) determine temporal

and spatial variations of environmental parameters affect-

ing testate amoeba communities in arctic polygon tundra;
(2) differentiate testate amoeba habitats within the polygon

micro-relief; and (3) estimate the most important control on

testacean species distribution. Besides producing an
inventory and achieving a deeper ecological understanding

of arctic testaceans, such research leads to improved

interpretation of fossil testate amoeba communities from
permafrost deposits.

The fieldwork was undertaken in the summer of 2011

(Schirrmeister et al. 2012). This study contributes to the
understanding of arctic polygonal landscape functioning

and dynamics in a changing Arctic. Biotic assemblages and

abiotic parameters in polygons were studied to deduce
modern environmental conditions in polygonal landscapes.

In this context, the testate amoeba response to variation in

the abiotic environmental parameters which generate spa-
tial polygon structures was of special interest.

Present assemblages of testate amoebae were collected

and their occurrence was compared with on-site measured
meteorological, hydrological, pedological, and pedochem-

ical data.

Materials and methods

Study site

The study area was located in the floodplain and the adja-

cent thermokarst-affected lowland along the Berelekh

River, a tributary of the Indigirka River, 28 km northwest of
the settlement of Chokurdakh near the Kytalyk WWF

(World Wildlife Fund) station (70"83012.1N, 147"48029.9E;

Fig. 1). The Berelekh River is well known in Quaternary
research because of the Berelekh ‘‘mammoth graveyard’’

that exists upstream of the river (e.g., Pitulko 2011).

The vegetation is described as a tussock-sedge, dwarf
shrub, moss tundra (CAVM Team 2003). The climate is

continental, characterized by high annual temperature

amplitudes and low precipitation. According to meteoro-
logical data from the closest station in Chokurdakh [World

Meteorological Organization (WMO) station no. 21946],

the mean air temperature of the warmest month (TJuly) is
?9.7 "C and that of the coldest month (TJanuary) is

-36.6 "C. The mean annual air temperature (TAnn)

is -14.2 "C, while the mean annual precipitation (PAnn)
does not exceed 350 mm (Rivas-Martinez 1996–2009).

The region belongs to the continuous permafrost zone; only

the uppermost decimeters thaw seasonally during summer
to form the active layer. The perennially frozen ground is

between 200 and 300 m deep, and ground temperature is

between -6 and -4 "C (Geocryological Map 1991).
The modern relief is characterized by late Pleistocene Ice

Complex (Yedoma) remnant hills up to several decameters

high which are intersected by extensive basins (Alas) 15 km
and more in diameter. The basins formed due to permafrost

thawing and subsequent surface subsidence (i.e., thermok-

arst) during warm stages, including the present Holocene.
Such thermokarst (Alas) basins are often occupied by water

bodies (thermokarst lakes) which are surrounded by polyg-

onal frost-crack systems. In some places, the Berelekh River
has cut through Alas basins which are situated 4–6 m above

river level. The KYT-1 polygon study site was located in the

southernmost part of an Alas basin that is drained by the
Konsor-Syane River, which flows from north to south

through the entire Alas and discharges into the Berelekh

River. Polygonal structures within the Alas average
20 9 20 m. The development of modern ice wedges and the

resulting polygonal patterned relief is obvious. Low-cen-

tered polygons are commonly seen due to their distinct rims
which delineate the underlying ice-wedge systems.
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Fieldwork

The KYT-1 study site is a typical low-centered polygon

about 20 m in diameter located on the upper Alas level.
Polygon walls and frost cracks enclose it completely. A

monitoring station was established and the environmental

data were collected between July 19 and August 27, 2011
(Fig. 2). We installed ground temperature sensors in the

polygon rim (T1) and center (T2), and soil moisture sensors

(M) in the rim slope at different depths (Table 1). The air
temperature (Ta) was measured at a height of 2 m above

the rim. All data loggers recorded values every 30 min to

provide high resolution.
On August 26, 2011, at the end of the field season,

active-layer and ground surface measurements were carried

out along a 21-m-long SE–NW transect across the KYT-1
polygon with the 1-m resolution (Figs. 2, 3). To obtain data

about the surface micro-relief and to establish a horizontal

reference line above the transect, we used a so-called water
level tube. A flexible tube with open ends was filled with

water. Based on the position of the meniscus in the tube,

we could construct a horizontal line, which was indicated
using a string attached every 3 m to a wooden pole. We

measured the ground surface elevation, the water table

height, and the active-layer depth and performed a sim-
plified vegetation survey across the polygon. Four soil pits

(pits 1–4; Fig. S1) were dug within the active layer of the

KYT-1 polygon down to the permafrost table; one profile

was located on the polygon rim (pit 1), one on the inner

slope (pit 2), and two in the center (pits 3 and 4; Fig. 2).

The description of the soil types follows the US soil tax-
onomy (Soil Survey Staff 2010) and the Russian soil

classification (Shishov et al. 2004). At each profile, one

surface (vegetation) sample was collected and three soil
samples (each about 100 g) were taken from distinct

horizons for further pedochemical and testate amoeba
analyses. The vegetation was sampled in 0.5 9 0.5 m

plots. For estimating the cover and the species abundance,

the Braun-Blanquet scale, modified by Reichelt and
Willmanns (1973), was used.

Chemical analyses (pH, electrical conductivity,
nutrients, C, N, C/N) and water content

Electrical conductivity (EC) and pH were measured by a
portable measuring device (WTW, pH/Cond 340i). The

water content of fresh soil samples was measured gravi-

metrically after drying in an oven. To assess the pools of
available nutrients, ammonium, nitrate, and phosphate

were measured. Both investigated nitrogen compounds

were extracted by a 0.0125-M CaCl2 solution (VDLUFA
1991). This extraction removes only plant-available mol-

ecules. Phosphate was measured by extraction with 0.5-M

NaHCO3 solution (Ivanoff et al. 1998). This method allows
the pool of phosphorus which can be mobilized during one

growing season to be estimated (Bowman and Cole 1978).

Fig. 1 Location of the Kytalyk study site in the northeastern Siberian lowland. DEM prepared by G. Grosse (University of Alaska Fairbanks)
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Fig. 2 Overview of the
monitoring setup in polygon
KYT-1. The studied soil pits
within polygon KYT-1 are
labeled as pit 1 (rim), pit 2
(inner slope), pit 3 (center), and
pit 4 (center). The A-to-B
transect across the polygon
refers to Fig. 3 where ground
surface elevation data and
active-layer depth are shown

Table 1 Overview of installed data sensor locations, logger types, and time periods

Parameter Location Device Measuring period

Ground temperature (T1) Polygon rim at depths of: 5, 10, 15, 20 cm HOBO 12-Bit T smart sensor 19/07/11–27/08/11

Ground temperature (T2) Polygon center at depths of: 10, 15, 20, 30 cm HOBO 12-Bit T smart sensor 19/07/11–27/08/11

Air temperature (Ta) 2 m above ground MinidanTemp 0.1 ESYS 20/07/11–27/08/11

Soil moisture (M) Polygon inner slope at depths of: 12, 22, 27, 30 cm HOBO soil moisture smart sensor 19/07/11–27/08/11

860 Polar Biol (2013) 36:857–870
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The amounts of nutrients in these extracts were photometri-

cally measured with a portable photometer (Hach Lange, DR

2800) and test kits for rapid chemical analysis (Hach Lange,
LCK 304 ammonium, LCK 339 nitrate, LCK 349 phosphate).

Values are given as NO3–N, NH4–N, and PO4–P.

For the analyses of total carbon and nitrogen, a sub-
sample was ground to\0.06 mm with a vibration disc mill

(Conrad TS 100) and dried at 105 "C in a drying oven. For
carbon and nitrogen detection by means of a CN analyzer

(Vario Max Elementar), a fine-ground sample between 0.3

and 0.7 g, depending on the amount of organic matter, was
combusted at 900 "C with oxygen (DIN 1996). The total

organic carbon content could be used for calculating

the C/N ratio because organic matter dominated in the
studied soil pits.

Testate amoeba analysis

For testate amoeba analysis, in total 16 subsamples (from

each horizon in each soil pit) of about 3 g were first sus-
pended in distilled water and passed through a 0.5-mm

meshed sieve to remove large masking organic and mineral

particles. Then, a drop of suspension mixed with a drop of
glycerin was placed on a glass slide. Testaceans were

identified and counted under light microscope at 1009 to

4009 magnifications (Zeiss Axioskop 2). On average, five
slides were examined for each sample.

Multivariate statistics

The lowermost samples of each plot (Bg horizon) were

excluded from statistical analyses due to scarcity or lack of
testate amoebae. A non-metric multidimensional scaling

(nMDS, k = 2; Bray-Curtis as dissimilarity measure) was

applied to the square-root transformed and Wisconsin
double-standardized percentage data to visualize the main

structure of the data set. The soil properties (C, N, C/N,

water content, depth [cm]) and sample location (horizon
[1–upper, 2–middle, 3–lower], ‘‘proximity to rim’’ [1–dis-

tant center, 2–proximal center, 3–inner slope, 4–rim]) were

superimposed on the data set. Analyses were performed
using the R software (R Development Core Team 2008)

‘‘vegan’’ package (Oksanen et al. 2008).

Results

Vegetation

The vegetation of the investigated polygon was divided

into two vegetation types. The vegetation of the polygon
rim was dominated by dwarf shrubs (Betula nana), herbs

(Ledum palustre, Vaccinium vitis-idaea), and mosses

(Aulacomnium palustre, Hylocomium splendens). The
vegetation of the wet polygon center was characterized by

sedges (Carex stans, Carex chordorhizza, Eriophorum an-
gustifolium) and herbaceous species (Potentilla palustris).

Active-layer depth

The active-layer depth, that is, the seasonally thawed

uppermost layer between the ground surface and the per-

mafrost table, was estimated across the KYT-1 polygon at
the very end of the field season in order to obtain the data

when maximum depths were expected. The mean active

layer of the rim was about 27 cm (ranging from 18 to
32.5 cm); this is somewhat shallower than in the polygon

center where the mean active-layer depth was about 43 cm

(ranging from 33.5 to 48.5 cm; Fig. 3).

Monitoring data (air temperatures, soil temperatures,

soil moisture)

The recorded air and ground temperatures of the upper
horizons show similar patterns although the daily ampli-

tudes of air temperature patterns are much higher (Fig. 4).

A general cooling trend toward the end of the summer
season is obvious. The ground temperatures of the lower

horizons (below 20 cm depth) were less affected by day-to-

day air temperature variations; due to the shallow perma-
frost table, fairly stable temperatures between 0 and 4 "C

were observed. Compared to the record from the polygon

rim (T1), the thermal differentiation in the polygon center
(T2) is more distinct, and the temperature range is wider in

the lower horizons. The volumetric water content data

measured by the soil moisture sensors on the polygon inner
slope (M) do not exhibit a significant pattern during the

observed period; they show a largely constant moisture

Fig. 3 Ground surface
elevation and active-layer depth
along the A-to-B transect of
polygon KYT-1 on August 26,
2011
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distribution within the active layer. The uppermost sensor

at 12-cm depth indicates the driest conditions of about

0.07–0.09 m3/m3 volumetric water content, interrupted by
some short-term rainfall events which are reflected by

volumetric water content that abruptly increased to

0.128 m3/m3. Such events also registered as a weaker
signal in the deeper sections. The highest moisture content

of 0.44–0.46 m3/m3 was recorded by the second-lowest

sensor 27 cm below the surface, while the lowermost
sensor located right above the permafrost table, 30 cm

below the surface, measured a slightly lower volumetric
water content of 0.39–0.43 m3/m3.

Soil profiles

The studied soils of polygon KYT-1 (Fig. S1) belong to

Histel subgroups (Histic Gelisols; Soil Survey Staff 2010)
or Peaty Gley soils (Shishov et al. 2004); these are per-

mafrost soils with high organic matter content. A further

differentiation was carried out by examining the different
decomposition states of the organic material and the

occurrence of underlying ice layers. Soils on the polygon

rim above recent ice wedges were classified as Typic

Glacistel (US) or Peaty Gley soil (Russian). The center of

polygon KYT-1 consisted of Typic Sapristel (US) or

Humic Peaty Gley soil (Russian). Such soils are composed
of three horizons, including two peat horizons in different

decomposition states (Oi, Oe (US) and T0, T1 (Russian))

and a lowermost mineral horizon above the permafrost
table (Bg (US) and G (Russian)).

Chemical properties of soils and water content

The soils in the KYT-1 polygon were moderately acidic
(pH 4.0–5.3) and the pH mostly increased with depth

(Fig. 5). The EC was remarkably higher on the polygon

rim than in the center. The water content decreased toward
the permafrost table in each pit and increased from the rim

toward the center, reaching 85 %. The lowest nutrient

values were always found in the mineral horizon. The
highest concentrations of nitrogen and of extractable

ammonium were identified in the subsurface horizon (Oe).

Carbon concentrations and extractable nitrate and phos-
phate decreased with depth in each pit. Higher C/N ratios

of up to 28 occurred in the Oi horizons of the better drained

rim and decreased toward the center to about 19.

Fig. 4 Air and ground
temperatures and soil moisture
(volumetric water content)
measured in the KYT-1 polygon
wall and in the polygon center
from July 19 until August 26,
2011
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Testate amoeba species distribution

A total of 37 testacean taxa of 19 genera were identified in 16
samples from four pits in polygon KYT-1 (Fig. 6; Table 2).

The following species have been found in three or more

samples: Trinema lineare, Difflugiella oviformis f. fusca,
Cyclopyxis eurystoma, Assulina muscorum, Centropyxis
constricta, C. sylvatica, Nebela tincta, Schoenbornia humi-
cola, Corythion dubium, C. dubium v. orbicularis, Difflugi-
ella minuta, and Pseudodifflugia gracilis v. terricola. From

136 to 487 specimens were counted per sample and up to
14 species were found per horizon (Fig. 7; Table 2). Modi-

fied after Chardez (1965), ecological groups of xerophilic,

hygro-hydrophilic, sphagnobiontic, and soil-eurybiontic
species were distinguished (Fig. 7). Soil-eurybiontic spe-

cies can tolerate a wide range of a particular environmental

factor; the specific factor (moisture, pH, etc.) varies between
species. They are represented by 14 species whose per-

centage of the whole assemblage decreases from polygon

rim to center (Fig. 7). The most abundant soil-eurybiontic

Fig. 5 Pedochemical
parameters in polygon KYT-1

Fig. 6 The nMDS biplot
indicates the relationship of the
taxa and samples of the
rhizopod data set from four
sections (pit 1, 2, 3, 4) sampled
at three horizons (S, Oi, Oe) of
polygon KYT 1. Supplementary
environmental variables were
superimposed on the plot
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Table 2 Total counts of testate amoeba species in polygon KYT-1 pits

Species Ecological preference Abbreviation Pit 1 (rim) Pit 2 (inner slope)

S Oi Oe Bg S Oi Oe Bg

Centropyxis aerophila eury CenAer 0 0 0 0 0 0 0 0

C. aerophila v. sphagnicola eury CenAerSph 0 0 0 0 0 0 0 0

C. constricta eury CenCon 0 0 0 0 0 3 0 0

C. constricta v. minima eury CenConMin 0 4 3 0 0 0 0 0

C. ecornis sphagno CenEco 0 0 0 0 0 0 0 0

C. platystoma hydro CenPla 0 0 0 0 0 0 0 0

C. sylvatica eury CenSyl 3 3 21 0 0 0 0 0

Cyclopyxis eurystoma eury CycEur 89 5 11 0 78 15 6 0

Heleopera petricola sphagno HelPet 0 0 0 0 0 0 0 0

Hyalosphenia papilio sphagno HyaPap 0 0 0 0 0 0 0 0

Nebela tincta sphagno NebTin 38 0 0 0 0 6 4 0

Schoenbornia humicola eury SchHum 0 0 15 0 0 21 8 0

Sch. viscicula eury SchVis 0 0 0 0 0 0 0 0

Difflugia gassowski hydro DifGas 0 0 0 0 0 0 0 0

D. globulus hydro DifGlo 0 0 0 0 0 0 0 0

D. lacustris hydro DifLac 0 0 0 0 0 0 0 0

D. minuta hydro DifMin 0 0 0 0 0 0 0 0

D. penardi hydro DifPen 0 0 0 0 0 0 0 0

Lagenodifflugia vas hydro LagVas 0 0 0 0 0 0 0 0

Valkanovia elegans sphagno ValEle 0 3 0 0 0 5 0 0

Assulina muscorum sphagno AssMus 19 0 0 0 89 0 5 0

Euglypha cristata sphagno EugCri 0 0 0 0 0 0 0 0

E. laevis eury EugLae 0 0 0 0 0 0 0 0

Placocista spinosa sphagno PlaSpi 0 0 0 0 0 0 0 0

Corythion dubium xero CorDub 5 4 0 0 135 0 4 0

C. dubium v. orbicularis xero CorDubOrb 0 0 0 0 16 9 0 0

C. pulchellum xero CorPul 1 0 0 0 0 0 0 0

Trinema lineare eury TriLin 8 302 67 0 69 14 98 0

T. lineare v. minuscula eury TriLinMin 0 39 6 0 17 0 7 0

T. lineare v. terricola eury TriLinTer 0 0 14 0 0 0 5 0

T. lineare v. truncatum eury TriLinTru 0 24 0 0 0 0 0 0

Cryptodifflugia bassini sphagno CryBas 0 0 0 0 0 0 0 0

Difflugiella minuta hydro DiffMin 0 0 0 0 0 0 0 0

D. oviformis f. fusca eury DiffOviFus 187 103 0 0 87 247 18 0

Pseudodifflugia gracilis v. terricola sphagno PseGraTer 0 0 0 0 0 102 34 0

Wailesella eboracensis sphagno WaiEbo 0 0 0 0 0 5 0 0

Amphitrema flavum sphagno AmpFla 0 0 0 0 0 0 0 0

Number of specimens per sample 350 487 137 0 491 427 189 0

Number of species per sample 8 9 7 0 7 10 10 0

Number of species per pit 14 14

Total number auf species 37

Species Pit 3 (center) Pit 4 (center)

S Oi Oe Bg S Oi Oe Bg

Centropyxis aerophila 0 16 0 0 0 0 4 0

C. aerophila v. sphagnicola 0 3 0 0 0 0 0 0

C. constricta 0 7 0 0 0 85 3 0

864 Polar Biol (2013) 36:857–870
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species in the data set are Trinema lineare and Difflugiella
oviformis f. fusca. Other species occurred in much lower
numbers. Only three species of the xerophilic group

(Corythion dubium, C. dubium v. orbicularis, C. pul-
chellum) were found in the best-drained samples from the
inner slope surface (pit 2). Seven hygro-hydrophilic

species were only found in subsurface polygon center

samples taken from pits 3 and 4. The main representative

of the hygro-hydrophilic group is Difflugia minuta.
Twelve species belong to the sphagnobiontic group; they

are mostly present in surface and near-surface samples

from the polygon center (pits 3 and 4). Typical species
are Assulina muscorum, Nebela tincta, and Pseudodifflu-
gia gracilis v. terricola.

Table 2 continued

Species Pit 3 (center) Pit 4 (center)

S Oi Oe Bg S Oi Oe Bg

C. constricta v. minima 0 0 0 0 0 0 0 0

C. ecornis 0 0 5 0 0 0 0 0

C. platystoma 0 0 0 0 0 0 7 0

C. sylvatica 0 9 0 0 0 3 3 0

Cyclopyxis eurystoma 0 0 5 0 0 0 0 0

Heleopera petricola 0 0 0 0 9 0 4 0

Hyalosphenia papilio 0 5 0 0 0 0 0 0

Nebela tincta 0 4 0 0 9 8 0 0

Schoenbornia humicola 0 29 4 0 0 0 3 0

Sch. viscicula 0 0 0 0 0 3 0 0

Difflugia gassowski 0 0 0 0 0 0 3 0

D. globulus 0 0 0 0 0 0 5 0

D. lacustris 0 0 0 0 0 0 2 0

D. minuta 0 0 16 0 0 0 0 0

D. penardi 0 0 0 0 0 0 4 0

Lagenodifflugia vas 0 0 0 0 0 0 1 0

Valkanovia elegans 0 0 0 0 4 4 0 0

Assulina muscorum 139 0 0 0 13 10 0 0

Euglypha cristata 0 0 0 0 4 0 0 0

E. laevis 0 0 0 0 56 0 0 0

Placocista spinosa 0 0 0 0 3 0 0 0

Corythion dubium 24 0 0 0 0 0 0 0

C. dubium v. orbicularis 7 0 0 0 0 0 0 0

C. pulchellum 0 0 0 0 0 0 0 0

Trinema lineare 23 135 25 0 7 0 39 0

T. lineare v. minuscula 3 6 0 0 0 0 0 0

T. lineare v. terricola 0 0 0 0 0 0 0 0

T. lineare v. truncatum 0 0 5 0 0 0 0 0

Cryptodifflugia bassini 0 0 0 0 24 0 0 0

Difflugiella minuta 0 0 76 0 0 162 356 3

D. oviformis f. fusca 235 9 0 0 54 36 7 0

Pseudodifflugia gracilis v. terricola 0 7 0 0 0 0 0 0

Wailesella eboracensis 0 0 0 0 131 0 0 0

Amphitrema flavum 0 0 0 0 3 0 0 0

Number of specimens per sample 431 230 136 0 317 311 441 3

Number of species per sample 6 11 7 0 12 8 14 1

Number of species per pit 19 24

Total number auf species

Species’ ecological preferences are given as soil-eurybiontic (eury), xerophilic (xero), hygro-hydrophilic (hydro), and sphagnobiontic (sphagno)
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On the polygon rim (pit 1), 14 taxa were found
(Table 2). The most abundant species belong to the

sphagnobiontic and soil-eurybiontic ecological groups and

are represented by the genera Assulina, Valkanovia, Cen-
tropyxis, Cyclopyxis, Trinema, and Difflugiella. In the

surface horizon, high numbers of Difflugiella oviformis f.

fusca and Cyclopyxis eurystoma were obtained. The latter
decreased in the Oi horizon, while the number of Trinema
lineare specimens increased. Trinema lineare remains were

dominant within the Oe horizon, accompanied by high
numbers of the eurybiontic species Centropyxis sylvatica.

Hygro-hydrophilic species were not found. The total

number of species found in the inner slope (pit 2) repre-
sents 14 taxa including Cyclopyxis eurystoma, Assulina
muscorum, Corythion dubium, Trinema lineare, Difflugi-
ella oviformis f. fusca, and Pseudodifflugia gracilis v.
terricola (Table 2). The surface horizon was dominated by

Corythion dubium and C. dubium v. orbicularis whose

numbers decreased in underlying horizons, while numbers
of Difflugiella oviformis f. fusca and Pseudodifflugia
gracilis v. terricola increased with depth. No hygro-

hydrophilic species were found in inner slope samples. In
the polygon center (pit 3), 19 species were identified. Most

common were Assulina muscorum, Trinema lineare,

Difflugiella minuta, and D. oviformis f. fusca. Occurrence of
the hygrophilic species Centropyxis ecornis and the hydro-

philic species Difflugia minuta point to the different moisture

conditions as in the polygon rim. A total of 24 species were
obtained from the polygon center (pit 4; Table 2). Twelve

species were found in the surface horizon. Among them the

diversity of sphagnobiontic species is remarkable; species
include Valkanovia elegans, Assulina muscorum, Euglypha
cristata, Heleopera petricola, Hyalosphenia papilio, Nebula
tincta, Placocista spinosa, Difflugiella bassini, Pseudodif-
flugia gracilis v. terricola, Wailesella eboracensis and

Amphitrema flavum. The number of species decreases to 8 in

the Oi horizon and increases to 14 in the Oe horizon. Hygro-
hydrophilic species of the genera Centropyxis, Difflugia, and

Lagenodifflugia dominate the assemblages.

The surface samples of all four studied pits contained 17
species dominated by sphagnobiontic species of the genera

Assulina, Heleopera, Nebela, Valkanovia, Corythion,

Wailesella, and Amphitrema. The most common species
are Assulina muscorum, Corythion dubium, and Difflugiella
oviformis f. fusca (Table 2). The surface horizon lacked

hygro-hydrophilic species.
The Oi horizon of all studied pits contained, in total, 21

species; numbers of Centropyxis constricta increase from

Fig. 7 Distribution of
ecological groups of testate
amoebae assemblages in
different horizons of four pits
within polygon KYT-1 (brown
soil-eurybiontic species, orange
xerophilic species, green
sphagnobiontic species, blue
hygro-hydrophilic species)
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the polygon rim toward its center, while Trinema lineare
and subspecies disappear (Table 2). The hygro-hydrophilic
species Difflugiella minuta occurs in high numbers in the

Oi horizon of center pit 4. The highest number of species

per horizon, 25, is reached within the Oe horizon (Table 2).
Here, all ecological groups are present; the increased

numbers of the hygro-hydrophilic species Difflugiella
minuta in pit 4 are remarkable. Except for 3 specimens of
Difflugiella minuta observed in pit 4, the Bg horizon gen-

erally lacks testate amoeba specimens.
A non-metric multidimensional scaling (nMDS) was

performed to explore the relationships between samples and

species composition in the testate amoeba data set. The run-
on two-dimensional space produced a stress value of 11.5 %,

indicating a good fit between the original distance of objects

and the fitted values. Figure 6 illustrates the nMDS ordina-
tion results based on Bray-Curtis distances in a biplot. The

plot shows the differences between the pits; it also indicates

that the species assemblages in different soil horizons are
somewhat similar. Taxa grouping on the upper left side of the

plot are predominantly sphagnobiontic taxa, while hygro-

hydrophilic taxa are located on the upper right side, and
xerophilic taxa on the lower left side. In comparison with the

other ecological groups, soil-eurybiontic taxa are scattered

more widely throughout the plot. Pedochemical properties
and location parameters (‘‘distance-to-rim’’, depth, horizon)

were added to supplement the nMDS plot. The length of the

arrows in Fig. 6 is proportional to the strength of the rela-
tionship between the testate amoeba data and the pedo-

chemical properties or location parameters. Location and pH

show the strongest relationship with the data set.

Discussion

The micro-relief of the studied KYT-1 polygon and the

corresponding differentiation of environmental parameters
control the distribution of testate amoeba species. Gener-

ally, the polygon rim is characterized by drier conditions

than are found in the polygon center due to its relatively
higher position with better drainage. The higher water

content of the polygon center causes a deeper seasonally

thawed active layer to develop because free water in the
soil has higher thermal conductance than the organic and

mineral soil components. As a result, the deeper-lying

permafrost table of the polygon center enables higher
ground temperatures. The surface vegetation delineates the

moisture conditions within the polygon by, for example,

the occurrence of dwarf shrubs on the dry rim and sedges
and semiaquatic herbs, for example, Marsh Cinquefoil

(Potentilla palustris), in the wet center.

The pedochemical data obtained from different soil
horizons along the studied transect differ with depth rather

than with position in the polygon. Generally, as indicated

by soil sample measurements, the water content in all pits
decreases toward the permafrost table (Table S2). The

water content in surface samples was not measured

(Fig. 5), but it seems reasonable to assume that the content
varies depending upon rainfall events (Fig. 4). The highest

soil moisture values of the monitoring data set (Fig. 4)

were measured at a depth of 27 cm within the Oe horizon,
and the lowest soil moisture values were measured at a

depth of 12 cm. This is probably due to the position of the
sensors within the inner slope, where drainage through the

uppermost horizons toward the polygon center is likely.

The two approaches used to quantify the moisture regime
are not directly comparable, but both data sets indicate that

the wettest conditions are found within the Oe horizons and

the Bg horizons are drier. The decrease in the water content
toward the permafrost table is explained by the change of

the substrate. The organic material of the Oi- and Oe

horizons can hold much more water than mineral Bg
horizons. High organic contents and low pH values are

typical for polygonal tundra (e.g., Fiedler et al. 2004). Pore

water pH increases with depth, while EC decreases or
remains stable. Both observations are again connected to

the change of substrate.

The accumulation and decomposition of organic matter
is expressed in total carbon and nitrogen contents and in

C/N ratios. Decomposition under arctic conditions is a

rather slow process because under the influence of the near-
surface permafrost table temperatures are low and moisture

content is high within the active layer, resulting in a gen-

erally low rate of organic matter mineralization. Oi and Oe
peat horizons are clearly differentiated from lowermost Bg

horizons (Table S2). The low decomposition rate of

organic matter is evidenced by rather high C/N ratios.
Extractable nitrate and phosphate contents decrease with

depth in each pit, while the highest nitrogen and extractable

ammonium contents occur in the Oe horizon. There are
considerable variations in the amount of available nutrients

during the vegetation period in arctic soils (Weintraub and

Schimel 2005). As our samples have been taken only on a
single date, we have no information about the seasonal

variation. But compared to other studies, we find amounts

of available nutrients in the normal range of seasonal
variation (Chapin et al. 1978; Weintraub and Schimel

2005).

The studied KYT-1 polygon clearly offers differentiated
ground temperature, soil moisture, pH, and organic matter

conditions along a spatial transect toward the center and/or

with depth below surface. The testate amoeba assemblages
mainly correspond to the moisture gradient from the rim to

the center as reflected by increasing numbers of hygro-

hydrophilic species of the genera Difflugiella, Difflugia,
and Lagenodifflugia from the rim toward the polygon
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center. Xerophilic species of the genus Corythion occur in

considerable numbers only in the well-drained surface
sample from the inner slope (Fig. 7; Table 2). The finding

of Corythion in the surface sample of pit 3 (center) and the

absence of hygro-hydrophiles in the surface and the Oi
horizon samples indicate a varying water table in this part

of the polygon.

Hygro-hydrophiles occur in lower water-saturated Oi
and Oe horizons; xerophiles characterize the drier habitats

of well-drained horizons. If the ground occasionally dries
out, a considerable number of xerophiles may be estab-

lished, as was found in the surface horizon of pit 2 (inner

slope). The strong relationship between the location within
the polygon and species distribution (Fig. 6) supports this

conclusion. Studying the spatial distribution of testacean

communities in different soil horizons along micro-relief
structures (i.e., rim vs. center) by applying a transect and

soil profile approach best reflects the controls over habitat

conditions and species distribution in polygon tundra
landscapes. The other main control over species distribu-

tion is pH (Fig. 6) which increases from the surface toward

the permafrost table in each pit, as well as from the rim to
the center (Fig. 4). Accordingly, acidophilic species dom-

inate in the rim and the inner slope of the polygon.

The influence of the permafrost table on testacean
communities is of special interest. In tundra zone cryosols,

the near-surface permafrost table is the primary controller

of the ground-water regime. Therefore, the traditional
approach in testate amoeba analysis based on estimations

of ecological optima and tolerances in relation to the

ground-water table seems less applicable for high latitudes
because it was established for the oligotrophic Sphagnum-

dominated wetlands of boreal latitudes (Charman 1997;

Bobrov et al. 1999; Mitchell and Gilbert 2004).
Most of the identified species at the Kytalyk study site are

cosmopolitans and therefore not indicative of the specific

arctic environment of the polygonal tundra. Modern testa-
cean associations in Arctic Siberia have so far been descri-

bed only from western and central parts (Beyens et al. 2000),

while intense work has been done in northern Sweden
(Tsyganov et al. 2012), in Greenland (Beyens et al. 1992;

Trappeniers et al. 1999; Mattheeussen et al. 2005; Beyens

et al. 2009; Tsyganov et al. 2011), in Alaska (Payne et al.
2006; Markel et al. 2010), and in Canada (Beyens et al.

1990). Beyens et al. (1986a, b) and Beyens and Chardez

(1995) conducted overview studies on arctic testacean
assemblages from Alaska, Canada, East Greenland, Jan

Mayen Island, and northwestern and central Spitsbergen.

Eight species found in the Kytalyk study site are described
for the first time from the Arctic: Amphitrema flavum,

Difflugia gassowski, Difflugiella (Cryptodifflugia) bassini,
Lagenodifflugia vas, Schoenbornia humicola, Sch. viscicula,
Valkanovia elegans, and Wailesella eboracensis.

Conclusions

The main goal of the study was to gauge the variability of

testate amoeba communities along vertical (profile) and

horizontal (rim to center) gradients of polygon micro-relief.
The polygon-specific setting (i.e., moisture regime, ground

temperature, and pedochemistry) was analyzed in order to

relate the environmental conditions to testacean species
distribution. Such research is useful for interpreting fossil

communities from polygon deposits.

The following conclusions can be drawn: (1) Environ-
mental parameters that affect testate amoeba communities

in arctic polygon tundra vary within the studied polygon

from the rim toward the center and/or with depth; (2) the
most important controls on testacean species distribution

are the moisture regime, which varied according to position

within the studied polygon, and pH; (3) the number of
species increases from the polygon rim toward the center

where warmer and wetter conditions prevail in a seasonally

deeper thawed active layer; (4) along the rim-to-center
gradient soil-eurybiontics and xerophiles are replaced by

sphagnophiles in surface samples, and soil-eurybiontic

species are replaced by hygro-hydrophiles in lower Oi and
Oe soil horizons; (5) using the ecological indication of

testacean taxa, increasing soil moisture can be only

observed for the Oi and Oe horizons; and (6) lowermost
(and coldest) Bg horizons directly above the permafrost

table lack testaceans.
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