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Abstract

The Arctic is experiencing substantial warming with possibly large consequences for global climate when its large soil carbon
stocks are mobilized. Yet the functioning of permafrost peatlands, which contain considerable amounts of carbon, is still not
fully understood. Palacoecological studies may contribute to unravelling this functioning but require actuo-ecological calibra-
tion of the environmental proxies used. Testate amoebae may be valuable proxies for palaeoecological reconstruction, but
indeed still large gaps exist regarding their present-day distribution in Arctic peatlands. This study presents the distribution of
testate amoebae taxa with high (1 m) spatial resolution along a transect crossing an Arctic ice-wedge polygon mire. Whereas
the polygon ridges are characterised by taxa that are known to be typical of dry environments or hydrologically indifferent,
the low-lying wet settings show a mixture of wet- and dry-living taxa, indicating seasonally rapidly changing conditions.
High testate amoebae concentrations were only found on the dry polygon ridges. Archerella flavum occurs in various moss
species in drier polygon settings, in contrast to temperate regions where the species is exclusively known from wet sites with
Sphagnum, which probably relates to the special moisture conditions associated with permafrost. To compare the results of
full testate amoebae analysis with those of palynology, each surface sample was split into two parts and prepared and ana-
lysed following standard testate amoebae analysis and palynological methods, respectively. Clear differences in qualitative
content were found and can be attributed to the different preparation methods and to possible small (a few cm) differences
in sample location. Nevertheless, the indicative value of testate amoebae found in pollen samples adds importantly to the
ecological inference of palynological studies. Overall testate amoebae research is very valuable for the recognition of past
ecological settings and the accurate reconstruction of past hydrological regimes in Arctic mires. Considerably more research
is, however, necessary to cover the total (ecological) diversity of testate amoebae populations in NE Siberia.
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Introduction

The Arctic is currently undergoing climate warming at a rate
that is double the global average (e.g. Screen et al. 2012;
Meyer et al. 2015; cf. Streletskiy et al. 2015). The northern
Dedicated to the memory of Richard Payne (1978-2019), a circumpolar permafrost region contains around 50% of the
grandmaster of testate amoebae research. estimated global soil organic carbon pool, which is equiva-
lent to twice the current atmospheric content (Kuhry et al.
2013; Hugelius et al. 2014; Abbott et al. 2016). A substantial
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and ice-wedge growth leading to polygonal systems of small
ridges enclosing wet depressions of 10-30 m diameter (low-
centre polygons; cf. Billings and Peterson 1980; Zoltai and
Pollet 1983; Minke et al. 2007; Kanevskiy et al. 2017). Ice-
wedge polygons are highly dynamic with regular degrada-
tion and regeneration of ridges resulting from the complex
interplay of external and internal forcing, direct and indi-
rect effects, and positive and negative feedback mechanisms
(Minke et al. 2007; De Klerk et al. 2011, 2018; Liljedahl
et al. 2016). Degradation of polygon ridges may eventually
result in a relief inversion: the ridges collapse and form large
deep troughs and the previous central depressions become
elevated elements (high-centre polygons; see Billings and
Peterson 1980; Minke et al. 2007).

The complexity of the interacting processes makes it
difficult to predict how polygon mires will develop under
climate change, and whether they will become net sinks or
sources of greenhouse gasses. Palacoecological research
may unravel past development dynamics and provide a bet-
ter understanding of the present and future polygon mire
landscape (De Klerk et al. 2011, 2018; Zibulski et al. 2013;
Teltewskoi et al. 2016; Sim et al. 2019).

Testate amoebae are important indicators of environ-
mental conditions, especially of moisture (Chardez 1965;
Grospietsch 1972; Charman et al. 2000; Mitchell et al.
2008), but also pH (Payne et al. 2006; Mazei and Tsyganov
2007/2008; Lamentowicz et al. 2007, 2011), trophy (Lamen-
towicz et al. 2007, 2013), nitrogen (Mitchell and Gilbert
2004), sulphur (Payne 2012), phosphate (Patterson et al.
2012), organic content (Lamentowicz et al. 2013), plant
functional types (Jassey et al. 2014), fire (Marcisz et al.
2015), and various other chemical and soil variables (Mazei
and Tsyganov 2007/2008; Lamentowicz et al. 2008, 2011).
Therefore testate amoebae analysis is increasingly used in
palaeoecological research. Teltewskoi et al. (2016) compared
the value of various palacoecological parameters—including
pollen and macrofossils, sediment grain size, geochemistry,
and testate amoebae—for reconstructing the past hydrology
of ice-wedge polygons. They concluded that testate amoe-
bae—next to macrofossils—are the most promising proxies
to reflect humidity conditions, but that their indicator value
is still limited because of lack of actuo-ecological calibra-
tion studies. The observation that climate warming leads to
reduced C fixation because of the decreasing testate amoe-
bae biomass (Jassey et al. 2015) furthermore underlines their
functional role in Arctic mire development.

Testate amoebae are unicellular protists that build a test/
shell from proteinaceous, calcareous or siliceous material,
and are abundant in all kinds of aquatic (open water and
littoral), telmatic and dry soil environments (Chardez 1965;
Grospietsch 1972; Beyens and Meisterfeld 2001; Char-
man 2001; Mitchell et al. 2008; Payne 2013). Taxonomy
is almost completely based on shell morphology (Charman
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et al. 2000; Clarke 2003; Mazei and Tsyganov 2006), which
is not necessarily linked to phylogeny (e.g. Heger et al.
2013; Payne 2013; Oliverio et al. 2014; Kosakyan et al.
2016). One and the same taxon may—within its genetic/
physiologic constraints—develop different shell shapes in
different ecological settings (Schonborn 1992; Bobrov et al.
2002; Dallimore 2004; Oliverio et al. 2014; Kosakyan et al.
2016). This notion implies that—if it is known how various
environmental factors influence morphology—ecological
conditions in the past can be inferred very accurately from
morphological characteristics.

Testate amoebae have proven to be very valuable for
understanding (sub-)Arctic environments (Beyens and
Bobrov 2016) in NW Europe (Tsyganov et al. 2012a,
2013; Swindles et al. 2015a, b), Svalbard and Jan Mayen
(Beyens et al. 1986a, b; Beyens and Chardez 1987; Mazei
et al. 2018a, b), Greenland (Mattheeussen et al. 2005;
Tsyganov et al. 2011, 2012b, ¢), Arctic Canada (Dallimore
2004; Lamarre et al. 2013; Sim et al. 2019), Alaska (Payne
et al. 2006; Wetterich et al. 2012; Gatka et al. 2018; Tay-
lor et al. 2019), and Arctic Russia outside Siberia (Mazei
et al. 2018c¢). Various palaeoecological studies in Arctic NE
Siberia include testate amoebae analysis (e.g. Schirrmeister
et al. 2002, 2011; Andreev et al. 2004; Bobrov et al. 2004,
2009; Miiller et al. 2009; Bobrov and Wetterich 2012; Tel-
tewskoi et al. 2016), yet actuo-ecological calibration studies
that cover the short-distance variation of polygon microre-
lief elements have hardly been carried out in this area (e.g.
Bobrov et al. 2013). These are, however, necessary for a
more accurate interpretation of fossil assemblages in pal-
aeoprofiles (Teltewskoi et al. 2016).

This paper presents the results of the study of a 25-m-long
surface sample transect through a NE Siberian ice-wedge
polygon of which samples were analysed every meter
and compared with available data from a nearby polygon
(Bobrov et al. 2013). Furthermore, the paper tests to what
extent palynological analysis—that normally reveals only
few testate amoebae taxa—is an alternative to full testate
amoebae analysis.

Materials and methods
Study area

The studied ice-wedge polygon Lhel1 (70° 49’ 50" N, 147°
28" 52" E) is located near the Kytalyk scientific station, c.
30 km northwest of Chokurdakh along the Berelekh River,
a tributary of the Indigirka River (Fig. 1). The climate of
the area (Tumskoy and Schirrmeister 2012) is characterised
by a mean annual temperature of — 14.2 °C, a mean July
temperature of +9.7 °C, and a mean January temperature
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Fig. 1 a Location of the study
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area in NE Siberia; b location a
of polygon mire Lhc11 and
polygon complex KYT-1 near
the research station Kytalyk.
Modified after De Klerk et al.
(2014)
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of — 36.6 °C. The permafrost temperature is between — 6
and — 4 °C and total permafrost thickness is estimated to be
200-300 m. Mean annual precipitation is 350 mm.

The Kytalyk landscape (Fig. 1b) includes alluvial land-
forms near the river, some hills composed of middle to late
Pleistocene ice-rich silts and silty sands (yedoma), and sev-
eral thaw-lake basins resulting from Holocene primary and
secondary permafrost thawing (alas basins) (Petrescu et al.
2008; Tumskoy and Schirrmeister 2012; Weiss et al. 2016).

[147°30°00E

Alas contours
Scientific station Kytalyk
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Studied ice-wedge polygons

Polygon Lhcl1 (21 x26 m; Fig. 1) is positioned in an alas
at a distance of 300 m to a yedoma ridge and of 600 m to
the bank of Berelekh River. The polygon combines features
of low-centre and high-centre polygons and may be a tran-
sitional form between both polygon types (Teltewskoi et al.
2012, 2016). A water-filled central depression (unit DE in
Fig. 2) is surrounded by ridges (RD and RF), which border
on wide troughs (DC and DG), which are probably located
over (partly) collapsed ice-wedges. RH and RB (the latter
partly collapsed), and DA are ridges and a central depression
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Fig.2 a Polygon Lhcll in the field seen from the southeast (pho-
tograph by Hans Joosten); b three-dimensional model of polygon
Lhcl1, with the positions of surface samples transect J, peat profile

of adjacent polygons, respectively. Present-day vegetation of
the polygon is described by De Klerk et al. (2014). Profile
J18.80 is located in the central part of the major RF-ridge
and was studied for various palaeoecological proxies includ-
ing testate amoebae (Teltewskoi et al. 2016).

A low-centre ice-wedge polygon of study site Kyt-1
(Bobrov et al. 2013) (Fig. 3) lies c. 70 m northeast of Lhcl1
and consists of a relatively dry central depression sur-
rounded by ridges.

@ Springer

Section J18.80

* 2/

Transect J

"~

J18.80, and designations of the various ridges and troughs/depression.
Modified after De Klerk et al. (2014) and Teltewskoi et al. (2016)

2.2 Research methods

Polygon Lhcll was divided into 1 X 1 m quadrates with
coordinates A-U and 0-25 (Fig. 2). Ground surface eleva-
tion, frost table height and open water level were determined
in the centre of each plot relative to a horizontal reference
level (Teltewskoi et al. 2012). A three-dimensional model
of the polygon was prepared with the computer program
surfer 11 and modified with the CorelDraw X8 graphical
software (Fig. 2).

Surface samples were taken from the centre of each plot
along transect J by collecting moss samples (both green and
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Polygon depression contours
L Frost cracks

W1 Testate amoebae sample

Fig.3 Site KYT-1 with the location of the surface samples used for
testate amoebae analysis. Modified after Bobrov et al. (2013)

brown moss parts) or in their absence surficial litter from an
area of around 10 cm diameter, and stored in plastic bags in
a cool room (4 °C) until analysis. Separate subsamples were
taken from the mother sample for testate amoebae analysis
(this study), C/N determination, and pollen analysis (De
Klerk et al. 2014). Samples were taken non-volumetrically
because volumes of different material (living and dead
mosses of different species, litter)—with their indetermina-
ble time content—make expressing quantities in concentra-
tion values or accumulation rates senseless or impossible
(Mulder and Janssen 1998, 1999; Rasédnen et al. 2004).
Preparation of testate amoebae samples followed the
standard Moscow preparation method (Bobrov et al. 2009,
2013) and included addition of water, mixing, sieving
(500 um), centrifuging, homogenisation, and addition of
glycerol. All analysis was with a Biological Zeiss Axioplan
2 light microscope with magnifications of 100, 200 and 400
times. Nomenclature of testate amoebae follows taxonomi-
cal/morphological literature (Table 1), except for C. ecornis
f. A (major), which in our material deviates from the typi-
cal species by having tests exceeding 300 um in size. We
use the names exactly as in the quoted references to secure
an unambiguous link with published morphology (Joosten
and De Klerk 2002), implying that the meaning of ‘form’
(f) and ‘variety’ (v or var) may differ depending on the ref-
erence in which the rank indication is used. ‘Taxonomic’
names as well as the words ‘taxon’ or ‘taxa’ are in this paper
used only in a morphological sense (‘morphotaxa’) without
any phylogenetic intent (see Lingafelter and Nearns 2013;
Kosakyan et al. 2016). Values are expressed as percentages
of all counted specimens in case of samples with more than
70 counted individuals, and as absolute numbers of speci-
mens in case of lower counts (Fig. 4). Ecological interpre-
tation is based on numerous literature sources (Table 1)

and distinguishes between aquatic settings, peatmoss, other
mosses, and dry soils (i.e. the ‘classical’ testate amoebae
habitats of Chardez 1965). With respect to Sphagnum and
other moss habitats we indicated—as far as inferable from
the sources—whether the taxon is described in the literature
(which mainly relates to temperate regions) for wet (e.g.
submerged mosses) or dry peatland habitats (e.g. peatland
hummocks), which would in our study area translate to poly-
gon depressions/troughs, and polygon ridges, respectively.

C/N ratios were determined by drying the samples at
70-80 °C for 24 h, grounding in a mill (Pulverisette 14,
Fritsch, Idar-Oberstein, meshes 0.2 mm), oven-drying at 80
°C for 2 h and analysing with a dry combustion C and N
analyser (Vario-EL, elementar/Hanau, WLF-Detektor).

Data analysis of the surface samples from transect J
included non-metric multidimensional scaling (NMDS).
In order to detect whether observed patterns are robust or
relate to rare taxa, NMDS was performed (1) on all taxa,
(2) on taxa occurring at three or more plots, and (3) on taxa
occurring at five or more plots (Figs. 5, 6). Calculations
were carried out in R using the metaMDS function of the
‘vegan’ package, with Bray—Curtis as the default dissimilar-
ity measure (Oksanen et al. 2016). We furthermore explored
the influence of environmental parameters (ground surface
height, top frozen soil, thickness unfrozen soil, and C/N)
on the testate amoebae population with the envfit function
from the ‘vegan’ package, which plots the environmental
factors in the ordination scatterplots. Abbreviations for the
testate amoebae taxa used in the scatterplots are explained
in Table 1.

Processing of palynological samples is described by De
Klerk et al. (2014). Values of testate amoebae found in these
samples were calculated relative to a sum of pollen grains
attributed to Alnus, Artemisia and Pinus. Identification and
nomenclature of the testate amoebae found in the pollen
samples are after Charman et al. (2000) with Amphitrema
flavum renamed to Archerella flavum. In the pollen sam-
ples, four different morphological types of Assulina musco-
rum tests were distinguished after Schonborn and Peschke
(1990). Type 1 and Type 2 have their largest width at around
1/3 distance from the top to the bottom, but a narrow vs. a
broad test, respectively. Type 3 and type 4 have their larg-
est width in the centre of the shell, with Type 3 having a
conspicuously tapering lower test part, whereas Type 4 does
not have such tapering at the bottom (De Klerk et al. 2014).

Nomenclature of mosses follows Ignatov et al. (2006).

Results
Clear differences can be observed between testate amoe-

bae communities on the dry ridges and in the wet troughs/
depression (Fig. 4). The ridges are characterised by taxa
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Table 1 Taxonomy and ecology of the observed testate amoebae taxa according to scientific literature

Taxon (nomenclature after) (abbr. in Fig. 6) Habitat

water/sapropel  Sphagnum Other mosses (wet moss) (dry moss) dry soil

Archerella flavum (i) (af)

Arcella arenaria (i) (f) X

X

A. arenaria compressa (i) (aac)

Eo T B

A. intermedia (i) (ai)

A. ovaliformis (g) (ao)
Assulina muscorum (i) (am)
A. seminulum (i) (as)
Centropyxis aerophila (i) (ca)
C. constricta (i) (cco)

C. gibba (i) (cg)

C. pontigulasiaformis (f) (cp)

LT B B

C. sylvatica (i) (cs)
Corythion dubium (i) (cdu)

C. dubium minima (i) (cdum)

Lo T B T B B B B S o T B B

Lo T B B R R B B

C. orbicularis (i) (co)
Cryptodifflugia bassini (i) (cb)
C. oviformis f. fusca (a) (covf)

tal
o T B B T B B

Cyclopyxis eurystoma (1) (ceu)

bl

C. eurystoma var. parvula (d) (ceup)
Difflugia globulus (j) (dg)

D. microstoma (i) (dm)

D. minuta (i) (dmi)

Euglypha anodonta (i) (ea)

Lol B B
Fa T B B

E. ciliata glabra (i) (ecg)

Eo T T B B

E. compressa (i) (eco)

E. cristata (i) (ecr)

. laevis (1) (el)

. strigosa (i) (es)

. strigosa glabra (i) (esg)
. tuberculata (i) (et)

. tuberculata minor (i) (etm)

SRS N I IS

I R T B R

I T T B R R S
Moo x

I B R B R

Heleopera petricola (i) (hpe)

o T B

Hyalosphenia papilio (i) (hpa)
Lesquereusia epistomium (i) (le)
Nebela (Argynnia) dentistoma (i) (nd)
N. lageniformis (i) (nl)

N. militaris (i) (nm)

N. tincta (i) (nt)

Placocista lens (i) (pl)

E T T B
E T

Moo o e X
R R L T ST T T T R e B

P. spinosa (i) (ps)
Pseudodifflugia gracilis var. terricola (b) (pgt) X
Pyxidicula sp. (py) X X X

Schoenbornia humicola (h) (sh)

S. viscicula (¢) (sv)

Sphenoderia fissirostris (i) (sf)
Tracheleocorythion pulchellum (i) (tp)
Trigonopyxis arcula (i) (ta)

LT B B
LT B

Trinema lineare (i) (tl) X
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Table 1 (continued)

Taxon (nomenclature after) (abbr. in Fig. 6) Habitat
water/sapropel  Sphagnum Other mosses (wet moss) (dry moss) dry soil
T. lineare var. minuscula (e) (tlm) X X
Valkanovia elegans (11) (ve) X
Wailesella eboracensis (i) (we) X X

Taxonomy follows a: Penard (1890); b: Bonnet and Thomas (1960); c: Schonborn (1964); d: Decloitre (1977); e: Decloitre (1981); f: Beyens and
Chardez (1986); g: Chardez and Beyens (1987); h: Schonborn et al. (1987); i: Mazei and Tsyganov (2006); and j: Lorencova (2009). Ecology
is after Penard (1890), Hoogenraad and De Groot (1940), De Graaf (1956), Bonnet and Thomas (1960), Decloitre (1962), Grospietsch (1964,
1972), Schonborn (1964), Chardez (1965), Schonborn (1966), Decloitre (1977), (1981), Beyens and Chardez (1986, 1995), Beyens et al. (1986a,
1990), Chardez and Beyens (1987), Rauenbusch (1987), Schonborn et al. (1987), Charman et al. (2000), Bobrov et al. (2002, 2004, 2009), Mazei
and Tsyganov (2006), Andreev et al. (2008), Lorencova (2009), and Miiller et al. (2009). The abbreviations after the taxon names are those as

used for the NMDS analysis (Fig. 6)

typical for dry peatland habitats (Table 1), including
Assulina muscorum (all ridges), Valkanovia elegans (ridge
RD), Schoenbornia viscicula (RD and RF), Trigonopyxis
arcula (RH), Cyclopyxis eurystoma var. parvula (RF),
and S. humicola (RH). Furthermore, the ridge commu-
nities include many taxa that are known from both wet
and dry habitats and, thus, are hydrologically indiffer-
ent, e.g. Trinema lineare (all ridges), Nebela tincta (all
ridges except RF), Centropyxis aerophila (RB), Placocista
spinosa (RB), Nebela parvula (RB, RD), Hyalosphenia
papilio (RB), Arcella arenaria (RB), Centropyxis sylvatica
(RB), Heleopera petricola (RB), Euglypha laevis (RD,
RF, RH), E. compressa (RD, RH), Arcella arenaria com-
pressa (RD), Euglypha anodonta (RD), E. strigosa (RD),
Corythion orbicularis (RD), C. dubium minima (RD) and
C. dubium (RD, RF, RH), Cyclopyxis eurystoma (RH),
Nebela militaris (RH) and N. tincta (RH). Taxa of which
we found only few ecological descriptions in the litera-
ture and of which the full hydrological width may still be
unknown include Arcella ovaliformis (RB), Cryptodif-
flugia ovivormis f. fusca (RB), Nebela (Argynnia) den-
tistoma (RB), Centropyxis pontigulasiaformis (RD), and
Wailesella eboracensis (RH) (Table 1). Archerella flavum,
a species known from wet Sphagnum habitats (Table 1),
occurs on ridges RB and RH.

The troughs and depression contain various taxa that
are exclusively described for aquatic environments or wet
moss habitats, including Difflugia globulus (DA, DG), D.
microstoma (DC), and Hyalosphenia papilio (DG). These
are, however, accompanied by various taxa typical for dry
environments, e.g. Valkanovia elegans, Assulina muscorum,
Schoenbornia humicola, Cyclopyxis eurystoma var. parvula
and Schoenbornia viscicula. Especially prominent in trough
DG are Trinema lineare var. minuscula and Cryptodifflugia
ovivormis f. fusca, whose full ecological ranges are still not
fully clear, but which occur with 80% and 40%, respectively.

All other taxa observed in the low-lying elements are known
from both dry and wet habitats.

Four surface samples from drier and humid parts of the
nearby polygon Kyt-1 (Bobrov et al. 2013) show mainly taxa
with broad hydrological preferences (Fig. 4), e.g. Cyclopyxis
eurystoma, Trinema lineare, Euglypha laevis, Nebela tincta
and Corythion dubium. Assulina muscorum is the only taxon
in Kyt-1 exclusively known from rather dry habitats. No taxa
were found that are known from wet habitats only.

The surface samples of polygon Lhcll did not only
include empty tests but living specimens and cysts as well
(although only in small portions and therefore not separately
included in Fig. 4).

Testate amoebae identified in the palynological samples
(Fig. 4; cf. De Klerk et al. 2014) include Arcella types that
are dominant on the northwestern ridge RB, and various
Assulina muscorum types that are prominent on the other
ridges (RD, RF and RH). Archerella flavum was found only
incidentally, except in sample 20 in depression DG where it
occurred with high values. Surprisingly, Archerella was not
found in the palynological sample of plot J24 where it was
observed abundantly in the testate amoebae sample.

C/N values are low in the samples from the depression
and troughs with values around 20, whereas values are con-
siderable higher up to 60 on the drier ridges (Fig. 4). Of the
mosses found along the transect, Sphagnum flexuosum and
S. squarrosum occur prominently on the slightly submerged
ridge RB and in through DG, with minor occurrences in
trough DC and on ridge RD. Hypnum sp., Dicranum groen-
landicum, D. acutifolium and Aulacomnium palustre occur
in low amounts mainly on ridges RD, RF and RH.

Sample scores from NMDS axis 1 are in all three ver-
sions—i.e. including all taxa, only taxa occurring in at least
three plots, or only taxa occurring in at least five plots—
mostly low along the depressions and high along the ridges
(Fig. 5). An exception to this pattern is the central depres-
sion DE, where positive sample scores on NMDS axis 1
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Fig.4 Testate amoebae from surface samples of Lhcl1-transect J and
KYT-1. Percentages of samples with more than 70 individuals are
presented as black bars, of samples with a lower number of individu-
als absolute counts are presented. Also indicated is ground surface

suggest greater similarity with the ridge samples. However,
the positive scores on NMDS axis 1 may be an artefact
caused by the low number of taxa and specimens observed in
depression DE. Sample scores on NMDS axis 2 are mostly
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contour, moss species along the transect, C/N ratio, and testate amoe-
bae types found in the palynological samples of transect J (from De
Klerk et al. 2014)

negative between sample 0 and 8 and in samples 16 and 17,
and mostly positive in the other samples (Fig. 5). The sam-
ples with negative values are characterised by the absence



Polar Biology (2020) 43:1321-1340 1329
j ; —120
Archerella flavum _._ i
5 : H —20
Assulina muscorum undiff. - i o | C
3 ; H i ~80
Assulina muscorum type 4 - . - | E
Assulina muscorum type 3 — ] i o =40
Assulina muscorum type 2 - - i 300
Assulina muscorum type 1 3 - - { . 5300
— é i :750
Assulina muscorum total - 0| 1 | L E
- 40
Arcella discoides type + A. vulgaris | I - - C
Arcella catinus type I _ —10
3 —120
Pollensum — | | [il Lil L L L L pil Bir Dl b b 11l E
Pollen attributable to Artemisia — D - o
i 40
Pollen attributable to Pinus - | ———— F
= : ; ; =80
Pollen attributable to Duschexia - ...
' 20
number oftaxa | i1 1E L Bl ]
- —400
Total specimens -y L. e 1 I - eopihd l«—70
Euglypha cristata 10
= —40
Wailesella eboracensis - l_
Cryptodifflugia bassini 10
Tracheleocorythion pulchellum — - —10
20
Corythion dubium - 3 - . _ _l_
- —20
Nebela tincta - 2 _ - =
Pseudodifflugia gracilis var. terricola — —10
Nebela militaris —10
) - —20
Placocista lens - ‘A =
Schoenbornia viscicula 10
Schoenbornia sp. 10
Arcella sp. - 1 —10
- : =80
Trinema lineare var. minuscula = 5 . 11 || E
Nebela lageniformis - - 10
Euglypha ciliata glabra 10
- i —20
Archerella flavum 5 . C
Cyclopyxis eurystoma var. parvula — 5 _ —10
Centropyxis sylvatica — 7 7 —10
Schoenbornia humicola imm 3 - —10
Assulina seminulum — —10
7 —20
Corythion dubium minima | —
. =80
Assulina muscorum = 1 3 8 —
Dicranum acutifoliym - L20 A
. Aulacomnium pa stre — -
Dicranum groenlandicum -, -
lypnum spec. - :ig KYT-1 4
Sphagnum squarrosum Ei A F depression
E 5 F6o KYT-13
Sphagnum flexuosum - A C g
) 60 depression
CIN —~~— —— KYT-12
o ] r\f/vate;;'evﬁ' july %8:]]:]] 120 r|dge margin
round surface height July 3
Frost table height July 2011 60 KJT 11 .
(cm above reference level) fidge cenire
0 5 10 15 25
Plot centre
Lhc11-transect j
DA RB DC RD DE RF DG RH

Fig.4 (continued)

@ Springer



1330 Polar Biology (2020) 43:1321-1340

NMDS axis 1
1.5
1
0.5 -
il ﬂ" ‘
BOJGIE (118 (LS B B || S| S Sttt St SR | S S || A
-1
-1.5 : l
—Taxa occurring at 5 or more plots
— Taxa occurring at 3 or more plots
—All taxa
EGOCM
o Ground surface
Water level

Frost table
60 (cm above reference)

NMDS axis 2
15

1

0.5

—_—|

-0.5 1-Al- o= F
-1
el F20 Qic[anum acutifolium
= 10 Aulacomnium palustre
c 10 Dicranum groenlandicum
= %00 Hypnum spec.
4A - AR E Sphagnum squarrosum
60
‘A A E Sphagnum flexuosum

L N B B B B BN BN BN B SN B BN BN R SN BN B BN BN S BN RN R |

0 5 10 15 20 25

Fig.5 Samples scores of non-metric multidimensional scaling (NMDS) of axes 1 and 2

@ Springer



Polar Biology (2020) 43:1321-1340

1331

Fig.6 Taxa scores and samples scores of non-metric multidimen- »
sional scaling along the first and second axes. The arrows represent
the environmental parameters (US: Unfrozen soil; FTH: Frost table
height, GSH: Ground surface height). For the abbreviations of the
taxa see Table 1; the lines connect adjacent samples on the polygon
ridges

of the overall most abundant taxa, i.e. Assulina muscorum
and Trinema lineare var. minuscula.

The biplots (Fig. 6) show that of the taxa with more than
five occurrences, Euglypha tuberculata (et) and Centropyxis
aerophila (ca) have similar scores as the depression samples,
whereas Assulina muscorum (am), Centropyxis dubium min-
ima (cdum), Corythion dubium (cdu), Cryptodifflugia ovi-
formis f. fusca (covf), Hyalosphenia papilio (hpa) and Val-
kanovia elegans (ve) are most closely related to the ridges.

Discussion
Ecology

Multivariate analysis demonstrates that testate amoebae
distribution across the polygon is not uniform but deter-
mined by microtopography and related factors. The NMDS
analysis shows that the dry ridges are populated by taxa that
are known from dry habitats only or that are hydrologically
indifferent (Figs. 5, 6).

In the wet troughs and depression—apart from hydro-
logically indifferent species—various wet-living taxa occur
together with taxa of typically dry environments. Such co-
occurrence has also been observed by Mitchell et al. (2008),
Booth (2008), Bobrov et al. (2009, 2013), Tsyganov et al.
(2012a) and Teltewskoi et al. (2016). Testate amoebae may
survive longer periods of unfavourable conditions as cysts
(Mediola et al. 1990; Charman et al. 2000; Charman 2001),
and it is well conceivable that in ice-wedge polygons a
spring snowmelt results in a wet setting with wet-living taxa
that is followed by a dry environment with dry-living tes-
tate amoebae when water levels drop later in the year. This
corresponds well to the fact that different taxa have differ-
ent seasonal optima for reproduction (Mazei and Tsyganov
2007/2008; Lamentowicz et al. 2013): population structure
at identical spots may differ greatly between points in time
only a few months apart (Marcisz et al. 2014). Testate amoe-
bae are short-living (Charman et al. 2000; Charman 2001;
Clarke 2003) and react to environmental changes immedi-
ately (Charman et al. 2000; Payne 2012, 2013) or with short
lags (Beyens et al. 2009). Since surface samples generally
encompass several years (Bradshaw 1981; Résinen et al.
2004; De Klerk et al. 2009), the surface samples of Lhcl1
may very well reflect a seasonal mix of testate amoebae
taxa. Such dry/wet pulses are too short to induce a change

NMDS2

All taxa

-1.0 T T T [
-0.5 0.0 0.5 1.0
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0.5

-0.54
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in local plant community, and pollen/macrofossil diagrams
from fossil peat sections will therefore display essentially
long-term dry or wet phases without registering seasonal
changes. This effect is clearly discernible in the palaeoeco-
logical data of peat profile J18.80 (Teltewskoi et al. 2016).
The co-occurrence of typically wet, dry and indifferent taxa
may explain why the low-lying settings show larger variation
in the NMDS (Figs. 5, 6). The depression DE shows in the
NMDS a greater similarity to the ridges than to the other wet
settings, which may relate to the more shallow character of
this depression compared to the troughs.

This observation implies that the dry ridges of the studied
polygon—of which the surface samples do not include typi-
cally wet taxa—have never been subject to flooding, whereas
the troughs and central depression dried out regularly. This
is in accordance with observations of Boike et al. (2008) in
the Lena Delta, where polygon depressions that are water-
filled in most years may dry-out completely in dry years. The
possibility that dry-living testate amoebae have flushed-in
into the depressions from the adjacent ridges is not sup-
ported by short-distance pollen studies from other ice-wedge
polygons (De Klerk et al. 2009, 2014, 2017) where tests of
Assulina muscorum were only found on dry ridges and were
not found to be displaced laterally into low-lying settings.
Also Charman et al. (2000) observed that lateral displace-
ment of testate amoebae hardly occurs. The co-occurrence of
wet- and dry-living taxa may, thus, reflect seasonal alterna-
tion of hydrological settings.

We conclude that in palaeoecological studies of ice-
wedge polygons testate amoebae are an accurate proxy for
past wetness and allow the reconstruction of wet (such as in
a polygon depression/through) or dry conditions (such as of
a ridge) and of polygon development, including the expan-
sion and collapse of ridges. Teltewskoi et al. (2016) tested
the indicative value of various proxies in peat profile J18.80
from the same polygon Lhc11 (Fig. 2) and found that testate
amoebae inferred wetness fitted well with the degree of wet-
ness as reconstructed from other palaeoecological proxies.
The inference of seasonal changes in wetness is limited to
testate amoebae and not provided by pollen or macrofossil
analysis. Our study of merely 30 samples from two polygons
in one sample area is admittedly insufficient to cover the
entire ecological and biogeographical variation in ice-wedge
polygons, but the factors that determine testate amoebae dis-
tribution emerge clearly from our data.

The four different Assulina morphotypes distinguished
during pollen analysis—derived from the same mother
samples as the samples for testate amoebae analysis—have
different distribution over the surface samples (Fig. 4; cf.
De Klerk et al. 2014). The palynological analysis of peat
profile J18.80 also displays a different distribution pattern of
the four morphotypes (Teltewskoi et al. 2016). This diverse
behaviour indicates that the morphological plasticity of
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testate amoebae is not a matter of chance but caused by one
or more still unknown factors.

We refrained from developing a water table transfer func-
tion for the study area. Such transfer functions have been
constructed for many regions (Charman and Warner 1997,
Payne et al. 2006; Charman et al. 2007; Amesbury et al.
2013; Lamarre et al. 2013; Mitchell et al. 2014; Swindles
et al. 2015b, c; Taylor et al. 2019). They can, however, not
effectively be applied to our Kytalyk dataset, as water table
depth and soil moisture preferences of testate amoebae differ
greatly between geographical regions (Charman and Warner
1997, Bobrov et al. 2002; Mitchell et al. 2008) and trans-
fer functions, thus, only have regional significance. Lately
attempts have been made to construct supra-regional water
table transfer functions (e.g. Amesbury et al. 2016, 2018),
but this may be premature at present. A major methodologi-
cal problem is that water table depths are mostly measured
only once during summer when generally low water tables
prevail (Payne et al. 2006; Charman et al. 2007; Mitch-
ell et al. 2008; Swindles et al. 2015¢), i.e. total annual or
seasonal variation is not captured. For Lhcl1 two summer
water table measurements are available with considerable
differences. Over the period July 24th-August 4th 2011,
water levels in the polygon varied between 100 and 111 cm
above reference level, whereas at the moment of sampling
the water table along transect J was 105 cm above refer-
ence (cf. Figure 4). Between August 19th and 22th 2011
water levels in the polygon ranged between 98 and 105 cm,
with those of transect J being 100 cm above reference at
the moment of measurement (A. Teltewskoi et al. unpub-
lished data). Such differences within only 1 month, or even
4 days, are considerable compared to the small height differ-
ences of polygon microtopography. A further complication
is that various amoebae taxa react differently to large water
level fluctuations compared to minor fluctuations (Sullivan
and Booth 2011), which obscures interpretation when only
one (e.g. the mean) water level is used. Last but not least,
water table levels are not necessarily a good indicator of
soil humidity, water availability and other water-related eco-
logical factors (Price 1997). In (sub-)Arctic peatlands the
shallow permafrost and its thawing influence local water
availability and soil moisture to the extent that site condi-
tions are incomparable to those of peatlands in non-perma-
frost areas (Bobrov et al. 2013; Lamarre et al. 2013). This
raises the question to what extent phreatic water levels in
the ‘humid’ Arctic with its semi-desert-like precipitation
volumes (see Walker et al. 2005, Tchebakova et al. 2009,
Chevychelov and Bosikov 2010, Van Huissteden 2020) are
a suitable overall proxy for the operational factors (sensu
Zonneveld 1995) that determine the presence of species or
whether other moisture-related parameters have to be cho-
sen to calibrate sensible transfer functions. Anyway, before
reliable water table reconstruction is possible across the NE
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Siberian Arctic, considerably more research is necessary to
obtain a dataset of sufficient quality and quantity. Additional
to the considerations above, various other methodological
problems still have to be solved, especially concerning sam-
ple volume, preparation, height of counts and the applied
statistical models (cf. Amesbury et al. 2013; Avel and Pensa
2013; Payne et al. 2016; Van Bellen et al. 2017).

Apart from a relation to soil surface height and associ-
ated hydrological regimes, also a relation between testate
amoebae taxa and C/N ratio, as an indicator of trophic condi-
tions in mires (Succow and Stegmann 2001), is conceivable.
C/N values in polygon Lhcl1 conspicuously relate to sur-
face microtopography (cf. Figure 4), which is in accordance
with finds from other NE Siberian polygon mires (De Klerk
et al. 2009, 2014; Minke et al. 2009). The observed testate
amoebae distribution may, thus, not only relate to moisture
but also to nutrient availability. Taylor et al. (2019) found
electric conductivity as an important explanatory variable of
testate amoebae distribution, which they attribute to trophic
status. In ice-wedge polygon Lc04 near Chokurdakh (Fig. 1)
also a weak relation between testate amoebae and pH was
found (De Klerk et al. 2009), but this variable was not meas-
ured in Lhcll1.

In the NMDS, the measured environmental factors cor-
relate with the first axis in the calculations with all taxa.
This underlines that the distribution of the testate amoe-
bae is primarily ruled by surface elevation and the resulting
hydrological conditions. The factor of the unfrozen soil is
in opposite direction because its thickness is larger in the
depressions than on the ridges. For the scatterplots with taxa
that occur in at least three or at least five of the samples, the
environmental parameters correlate to axis 2. This suggests
that the occurrence of the most abundant taxa—including
Assulina muscorum and Trinema lineare var. minuscula,—is
determined apart from surface elevation also by one or more
other, possibly not investigated, factor(s). Conspicuously, the
C/N is closer to the variable ‘top frozen soil’ than to ‘ground
surface height’, but the differences are probably too small
to be relevant.

Some biogeographical aspects

Beyens and Bobrov (2016) inventoried a total of 378 dif-
ferent testate amoeba species for the entire Arctic, whereas
Bobrov and Wetterich (2012) found 215 different species
and subspecies for NE Siberia only. Of the 13 most com-
mon taxa in the Arctic (Beyens and Bobrov 2016), i.e. taxa
that occur in more than 50% of all Arctic samples, we found
Trinema lineare, Assulina muscorum, Centropyxis aeroph-
ila, Corythion dubium, Euglypha laevis. E. strigosa glabra,
and Centropyxis sylvatica.

Most testate amoebae taxa in the Siberian Arctic are
cosmopolitan and the number of endemic species is limited

(Bobrov and Wetterich 2012). Bobrov and Wetterich (2012)
pose that Centropyxis gasparella, C. gasparella v. cornicu-
lata, C. pontigulasiformis, Difflugia vanhoornei and Difflu-
gia ovalisima might be restricted to the Arctic. Of these,
only C. pontigulasiaformis was found in low amounts in the
surface samples of polygon Lhcll.

Beyens and Bobrov (2016) distinguished several testate
amoebae regions in the Arctic with Kytalyk belonging to the
Siberian cluster C1-region. This region is characterised by
a larger number of Difflugia and Arcella taxa compared to
the other Arctic regions. Beyens and Bobrov (2016) discuss
whether this difference may be caused by a sample bias,
i.e. by the comparatively large number of analysed aquatic
samples from the Siberian region, but reject this hypothesis.
In polygon Lhcl1, Difflugia and Arcella were only found in
depression and troughs, but the latter genus was also found
widespread in Arctic Eastern Siberia in surface samples
from drier polygon peatland settings (polygons Lc04, Mnp12
and those from Samoylov Island, cf. Figure 1; De Klerk et al.
2009, 2017 and unpublished data).

Archerella flavum has until now only been described
from wet Sphagnum habitats (Table 1), but the factor forc-
ing such dependence has not yet been identified (Portsmuth
et al. 2011). In surface sample 24 (Fig. 4), where Sphagnum
is absent (also from all adjacent plots; De Klerk et al. 2014),
the taxon was found in Dicranum groenlandicum and D.
acutifolium mosses (Fig. 4), implying that at least in the
Kytalyk area A. flavum also occurs in dry, non-peatmoss
habitats. The taxon is regularly found in pollen samples
from dry ridge settings in the Arctic, e.g. in the ice-wedge
polygons Lc04 near Chokurdakh and Mnp12 near Pokhodsk
(Fig. 1), be it predominantly in the lower ridge parts and—
until now—always in Sphagnum habitats (De Klerk et al.
2009, 2014, 2017).

The examples of Arcella and Archerella illustrate that in
the Artic the ‘standard’ indicative value of testate amoebae
species for water levels should be interpreted with critical
awareness of the particular humidity consequences of per-
mafrost conditions.

Height of counts in relation to hydrological settings

In our study, high testate amoebae counts (between 70 and
300 individuals) were largely restricted to samples from
dry ridges. For the samples from the relatively dry poly-
gon Kyt-1 even higher counts (300—400) were achieved. It
seems, thus, that dry conditions allow for a better count-
ing of testate amoebae than wet conditions. The absence of
a time control for surface samples precludes a conclusion
whether these differences reflect different population densi-
ties, slower accumulation of matrix material, or differences
in test extraction and analysis efficiency between different
materials (e.g. mosses versus litter). The countability of
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samples primarily relates to the amount of debris in the sam-
ple after preparation (Bobrov et al. 2009). Mosses from drier
habitats generally provide ‘cleaner’ samples, which allow
identification of more testate amoebae specimens within a
reasonable time, than the samples from wet settings where
more residual debris prohibits a clear view.

Whereas for standard testate amoebae analysis a count of
at least 150 tests is recommended (Beyens and Meisterfeld
2001; Payne and Mitchell 2009), peat samples often do not
allow such high counts within a reasonable time (Charman
et al. 2001; Bobrov et al. 2004; Miiller et al. 2009; Payne and
Pates 2009; Schirrmeister et al. 2011). For various research
questions counts of 100 or even 50 tests may be sufficient
(Mitchell and Gilbert 2004; Payne and Mitchell 2009; Booth
et al. 2010; see also Mosimann 1965, Heiri and Lotter 2001
and Djamali and Cilleros 2020). Indeed, low counts are
always better than no counts, but they should be interpreted
with sufficient care (Payne and Mitchell 2009). We chose to
calculate percentages for counts containing 70 or more tests,
which is less robust than the recommended number of 100
or 150, but provides a statistically more solid calculation
basis than 50.

The numbers reached in testate amoebae analysis are
low compared to the much higher pollen sums commonly
reached in pollen analysis. The difference is inherent to the
methods used. Most testate amoebae do not survive the
treatment used for pollen analysis (Hendon and Charman
1997; Charman et al. 2000; Payne et al. 2012), especially
acetolysis, which removes and destroys much organic debris.
Testate amoebae samples, thus, include (much) more debris,
which makes it difficult to see the tests. The lower numbers
of tests may not really be problematic as research questions
mainly focus on local ecology, which can sufficiently be
characterised by few indicative specimens (Birks and Birks
1980).

Possible population change after sampling

The fact that in the samples cysts and living specimens were
found next to empty ‘dead’ tests shows that after field sam-
pling and storage populations of living testate amoebae may
persist for several years. The question arises whether during
storage the population structure may have changed. Personal
observations of A. Bobrov indicate that samples preserved
in dry and cold/frozen conditions do not change significantly
in community structure. Also Mazei et al. (2015) found that
samples stored for 16 weeks in a refrigerator at 5 °C did not
show detectable changes in population structure. However,
more research into this issue is desirable.

@ Springer

Comparison with testate amoebae found in pollen
samples

An important question in palynology is to what extent the
few testate amoebae found in pollen samples may substitute
for full testate amoebae analysis. Little research has been
done on how the taxa and numbers found in pollen sam-
ples correspond to those in testate amoebae samples (e.g.
Van Leeuwen et al. 2008; Payne et al. 2012). In palynologi-
cal samples generally only members of the genera Arcella,
Assulina and Archerella are found because sample prepara-
tion destroys the tests of almost all other taxa (Hendon and
Charman 1997; Payne et al. 2012), although incidentally
also other taxa are being found (Miola 2012; Payne et al.
2012). Since the samples used for testate amoebae and pol-
len analysis stem from the same mixed ‘mother sample’
(De Klerk et al. 2014), the subject can be systematically
addressed with our study.

In the testate amoebae diagram of Lhcll Assulina mus-
corum has prominent values on ridges RD and RF and less
conspicuously on ridge RH, whereas in the pollen diagram
this taxon has similar values on all three ridges (although
on ridge RD mainly in sample 11). This may relate to the
different calculation basis. In the testate amoebae diagram,
the Assulina percentage in a sample does only not depend
on the abundance of Assulina itself, but also on the abun-
dance of all other taxa in that sample (together constitut-
ing 100%), a non-linearity known as the ‘Fagerlind effect’
(Fagerlind 1952; Prentice and Webb 1986). Such calculation
basis makes it impossible to compare the real population
sizes of single species between samples (Fagerlind 1952). In
contrast, the Assulina value of a pollen sample is calculated
against the sum of selected pollen types, i.e. an external
reference, which provides for a value, independent from the
abundances of other testate amoebae taxa in the sample,
making a direct quantitative comparison impossible.

In the pollen surface samples, test types attributable to
Arcella species have been found that are named differently
compared to the species found in the testate amoebae sam-
ples. This relates to the use of the Charman et al. (2000) key,
which has been noted to miss some Arcella taxa/morphs
(Beyens and Meisterfeld 2001; Mitchell et al. 2008; Payne
et al. 2011). Arcella occurs in the pollen surface samples J3,
J18 and J24, whereas in none of the parallel testate amoebae
samples the genus was found. Although care was taken to
produce a largely homogeneous sample, the subsamples for
pollen and testate amoebae analysis may stem from different
parts of the sample (maximally 10 cm apart). Mitchell et al.
(2000) and A. Bobrov (personal observations) found that tes-
tate amoebae assemblages may differ considerably over even
a few cm distance. The same effect may apply to Archerella
Sflavum, which occurs prominently in testate amoebae sam-
ple J24, whereas it is absent from the corresponding pollen
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sample. Also Payne et al. (2012) found distributional differ-
ences between parallel testate amoebae and pollen samples
but refrain from mentioning the horizontal distance between
the samples.

Concluding remarks

Testate amoebae analysis is a valuable tool for studying Arc-
tic peatlands. Especially the polygon ridges contain clear
and distinct testate amoebae populations that allow a pal-
aeoecological inference of dry phases in peat profiles. The
ability to survive unfavourable conditions as cysts implies
that sites with regular (seasonally) changing hydrology may
leave in one sample a distinct signal of taxa belonging to
different soil moisture conditions, which allows the recogni-
tion of short-term moisture changes not inferable from other
palaeoecological proxies. Population differences over only
short (cm) horizontal distances may, however, hamper an
unambiguous interpretation, whereas also the only low pos-
sible counts of wet polygon settings hamper a full ecological
inference.

In cases where only a limited number of testate amoe-
bae specimens is found and a full ecological inference is
hindered, the ecological significance of single taxa still
provides valuable information on local ecology without any
knowledge of the total population structure. In the case of
occurrence of taxa/morphs from different habitats, the con-
clusion of micro-distance variety or short-term variation can
be drawn.

Although it may provide valuable information, the count-
ing of testate amoebae in pollen samples is by no means an
alternative to complete testate amoebae analysis.

The present study reflects—with a limited number of
samples—only a small selection of the total testate amoe-
bae population diversity in NE Siberian polygon mires, but
it provides accurate insights in the hydrological processes
at work. This is significant for understanding the popula-
tion dynamics that apply to other testate amoebae taxa as
well. Future research including short-distance sampling from
various polygons with different settings can be expected to
reveal further information. It will add to the great progress
that has been made over the last decade and will further
increase the importance of testate amoebae analysis as a
(palaeo)ecological discipline for (sub-)Arctic regions and
beyond.
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