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Chapter 1: General introduction
1.1 Climate warming and increasing precipitation in the Arctic
The high-latitude regions have experienced significant changes during the last few decades due to
global warming (ACIA, 2005; IPCC, 2014). Compared to other regions of the world, the Arctic areas
are more vulnerable to the changing climate (Hinzman et al., 2005; McGuire et al., 2006). The
increase in temperature in the Arctic is 0.2 to 0.4 °C per decade, almost double of the global mean
since the beginning of the 20th century (Chapin et al., 2000; Keyser et al., 2000; Serreze et al.,
2000). The air temperature in the Russian Arctic has increased continuously between 1965 and
2005 (Fedorov et al., 2014). Similar temperature increases have been observed in the Arctic parts
of North America (Osterkamp and Romanovsky, 1999; Osterkamp, 2005) and Europe (Harris et al.,
2009). This trend is expected to continue in the near future (IPCC, 2014). Similarly, the Arctic
experienced a significant increase in precipitation over the 20th century (Bintanja and Selten, 2014),
while the precipitation is expected to increase further by more than 50 percent before the end of
the 21st century (Kattsov et al., 2009).
1.2 Permafrost degradation in the Arctic tundra
Permafrost (soil or rock that remains at or below 0 °C for 2 years or more) covers approximately
22% of the northern hemisphere (Zhang et al.). The stability of permafrost is crucial to the global
climate, as greenhouse gas release from degrading permafrost soils may amplify climate warming
(Schuur et al., 2015). The continuous permafrost in the Arctic zone has been considered to be
stable (Jorgenson et al., 2001), but the risk of local permafrost degradation in this region is
substantial due to the high ice content in the top layer of the permafrost (Nelson et al., 2001). The
studies of Ping et al. (2013) and Iwahana et al. (2014) showed that the ice content of the permafrost
underlying Arctic tundra is around 75%-80% by volume. In Alaska around 10-30% of the Arctic
landscapes with continuous permafrost in Alaska has experienced permafrost degradation due to
the influence of modest climate change since the 1940s (Jorgenson et al., 2006).
Approximately one third to half of the world soil carbon is stored in the permafrost at the high
latitudes (Mack et al., 2004; Tarnocai et al., 2009; Hugelius et al., 2014; Schuur et al., 2015). Climate
warming might transfer the Arctic tundra from a carbon sink to a carbon source, due to enhanced
respiration rates (Koven et al., 2011). Some other studies drew an opposite conclusion, as warming
would increase net carbon sequestration due to lengthening of the growing season (Qian et al.,
2010), showing that the influence of climate warming on the carbon balance in the Arctic tundra
is uncertain. The study by Mcguire et al. (2012) suggests large temporal and spatial variability in
greenhouse gas fluxes in the Arctic tundra, based on the analysis of observational data and
simulations using process-based models and inversion models. Therefore, it is still uncertain
whether the Arctic tundra is at present a net carbon sink or a carbon source.
The thawing of permafrost has accelerated in recent decades (Serreze et al., 2000). Most
researchers focus on gradual top-down melting of permafrost, but also abrupt small-scale
permafrost thaw (thermokarst) became more widespread in the Arctic zones with ice-rich
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continuous permafrost (Schuur et al., 2015). Climate change and disturbance are considered to be
the major factors that trigger the abrupt small-scale permafrost thawing (Jorgenson et al., 2006;
Raynolds et al., 2014). The melt of ground ice, which is richly stored in the permafrost, results
ultimately in sudden permafrost collapse. The spectral analyses and field observations by
Jorgenson et al. (2006) showed that the number of thermokarst pits has rapidly increased in both
uplands and lowlands in Alaska since 1940s, while the extent of degradation at different sites was
largely related to the changes in local air temperature.
1.3 Vegetation changes in Arctic tundra
Being the northern-most biome subject to the strongest climatic changes, the Arctic tundra is
facing rapid vegetation shifts driven by climate warming. Pearson et al. (2013) predicted that at
least half of the vegetated area in the Arctic will experience significant vegetation shifts in the next
40 years. Their simulations suggest that the woody cover will increase by as much as 52% (Pearson
et al., 2013). Shrub expansion in Arctic low-shrub tundra has been widely observed at many sites
throughout Alaska (Sturm et al., 2001), Canada (Hudson and Henry, 2009) and other Arctic tundra
regions (Myneni et al., 1997; Myers-Smith et al., 2011; Frost and Epstein, 2014). Experimental
warming studies suggested that both cover and biomass of deciduous shrubs increased in response
to higher soil nutrient availability caused by the warming treatments in these experiments (Wahren
et al., 2005). In several fertilization studies in Arctic tundra, the accumulation of biomass of both
deciduous shrubs and graminoids were promoted, while the evergreen shrub, lichen and moss
biomass declined (Mack et al., 2004; Bret-Harte et al., 2008). These results suggest that increased
nutrient availability in Arctic tundra due to warmer temperatures leads to dominance of deciduous
shrubs.
However, abrupt small-scale permafrost degradation caused by warming influence vegetation
composition in a different way (Jorgenson et al., 2001; Jorgenson et al., 2013). Abrupt permafrost
degradation in the Arctic ecosystems can lead to significant soil surface depression (Nelson et al.,
2001), impounding water in the subsiding areas (Jorgenson et al., 2013) and result in thicker active
layers (the seasonally thawed soil on the top of the permafrost). The depressions trap more snow
in winter, which leads to increased insulation during winter and further warming and thawing of
the permafrost (Osterkamp et al., 2009). The resulting change in soil moisture leads to a dramatic
shift of the local vegetation composition (Jorgenson et al., 2006). As the abrupt small-scale
permafrost thawing rapidly raises the local water table (Yoshikawa and Hinzman, 2003), the original
shrubs, lichens and tussock forming sedges are rapidly replaced by hydrophilic sedges and
Sphagnum mosses (Shur and Jorgenson, 2007; Osterkamp et al., 2009). If such replacement of
shrubs by sedges would occur more frequently in a warmer climate, it would constrain the
currently observed shrub expansion in the Arctic.
Moreover, as permafrost dynamics in Arctic tundra interacts continuously with vegetation
succession (Osterkamp et al., 2009), the vegetation changes of Arctic tundra have important
impacts on permafrost stability. Shur and Jorgenson (2007) stated that although the stability of icerich permafrost in Arctic tundra is mainly influenced by climate, vegetation processes have
important impacts on permafrost stability as well. The shifts in vegetation composition can
significantly affect the absorption of shortwave solar radiation, thereby influencing summer
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surface albedo, soil shading and local atmospheric heating (Chapin et al., 2005; Juszak et al., 2016).
Vegetation composition also affects soil surface roughness, snow cover, soil moisture and heat
conduction near the soil surface (Sturm et al., 2005; Loranty et al., 2011). However, the influence
of vegetation on permafrost stability is rather complicated. For instance the study by Juszak et al.
(2014) showed that dense shrub cover provides soil shading, which mitigates the warming effects
of increasing air temperature. Blok et al. (2010) drew a similar conclusion based on their multipleyear field observation. However, this statement is challenged by Tape et al. (2006), who suggested
that the current shrub expansion may lead to higher soil temperatures in the future, as particularly
taller shrubs have lower albedo and absorb more solar radiation and result in thicker insulating
snow cover in winter.
Moreover, the changes in vegetation composition of Arctic tundra can influence the greenhouse
gas emission from soil. For instance, Eriophorum spp. sedges can quickly transport methane, one
of the major greenhouse gases, from water-saturated anaerobic parts of the soil to the air through
its internal aerenchyma structure (Ström et al., 2005). Oppositely, entophytic methane oxidizing
bacteria in submerged Sphagnum mosses can significantly suppress methane emissions
(Parmentier et al., 2011). Therefore, vegetation shifts may have important impacts on the
greenhouse gas balance of the Arctic tundra ecosystem.
Understanding the vegetation succession after small-scale permafrost degradation is desperately
needed to predict the changes of the Arctic tundra ecosystem in the future. Jorgenson et al. (2006)
suggested that vegetation succession provides a strong negative feedback that limits the vertical
extent of the abrupt small-scale permafrost degradation, which strong stabilizes the permafrost.
Rapid peat accumulation in thermokarst pits facilitates the recovery of the degraded permafrost
(Osterkamp et al., 2009). With the vegetation succession, the degraded permafrost may experience
a cyclic degradation-recovery process (Jorgenson et al., 2006). However, few studies revealed the
complete vegetation succession route in Arctic tundra with abundant small-scale permafrost
degradation yet.
1.4 Study area
For a better understanding of the dynamics of tundra shrub vegetation and the vegetation
succession in response to small-scale permafrost degradation in Arctic tundra, I have conducted a
four-year study at a Northeastern Siberian tundra site since 2011. The research station is located
in a former thermokarst lake bed in Kytalyk Nature Reserve, Russian Federation (70.83°N, 147.49°E,
Fig. 1.1). The study site is located in an understudied area of Arctic tundra and can be classified as
highly vulnerable to climate change due to the ice-rich permafrost and yedoma soils, which are
known for their high content of frozen soil organic carbon. Small-scale permafrost degradation has
been widely observed at the study site, which provided a good opportunity to investigate the
complicated interactions between ecological processes and permafrost dynamics.
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Fig. 1.1 Location of the Chokurdakh Scientific Tundra Station, Kytalyk Nature Reserve in
Northeastern Siberia.
The dominant plant type at our study site consists of different dwarf shrub species (e.g. Betula
nana L., Vaccinium vitis-idaea L., Vaccinium uliginosum L., Rhododendron tomentosum Harmaja
and Salix pulchra Ch.). This category of plant species occupies 35% of the whole Arctic tundra zone
(Walker, 2000). The other abundant plant types are graminoids (e.g. Eriophorum angustifolium
Honck and Eriophorum vaginatum L.) and Sphagnum mosses (e.g. Sphagnum fuscum (Schimp.) H.
Klinggr., Sphagnum pulchrum (Lindb.) Warnst., Sphagnum flexuosum Dozy and Molk. and
Sphagnum squarrosum Crome). The shrubs, especially B. nana, dominate the slightly elevated
positions with well-drained soil, while sedges such as E. angustifolium occupy drainages and other
areas with water-saturated soil. Meanwhile, Sphagnum mosses widely occur in the transition zones.
The warmest Arctic tundra zone has mean July temperatures of 9 to 12 °C, and its south parts are
often adjacent to boreal forests (Walker, 2000). The tundra-taiga transition can be found at
approximately 40 km from our study site (Liang et al., 2014).
1.5 Aim and objectives of the thesis
Observations of drowning shrubs in small-scale permafrost collapses, invading sedges and
expanding Sphagnum moss carpets at our study site have led to the hypothesis that vegetation
succession in these ecosystems could be cyclic and closely related to permafrost dynamics. Abrupt
permafrost degradation, which can be triggered by reduction of the deciduous shrub cover (Nauta
et al., 2015), results in local soil subsidence and increasing soil moisture in the newly formed
depressions. The new water-saturated environment favors the growth of sedges, whereas the
dwarf shrubs do not tolerate the anoxic conditions and die. Sphagnum mosses could gradually
invade the established sedge dominated patches, and eventually create proper substrates for the
establishment and growth of the deciduous shrubs.
5

In this thesis I tried to answer the following questions:
1.

How do B. nana shrubs establish, grow and reproduce in the tundra in Northeastern Siberia?

2.

How does the vegetation composition shift after the degradation of B. nana shrub patches?

3. Is vegetation succession in these communities strongly connected with hydrological and
permafrost dynamics?
4.

What impacts have Sphagnum mosses on the vegetation succession in the tundra?

To provide answers to these questions, I combined multiple research methods, which include field
experiments and observations, dendrochronological analyses and molecular, microsatellite
methods (Fig. 1.2). First of all, I explored the effects of climate factors, eqspecially precipitation and
temperature, on the germination and establishment of B. nana shrubs. I also investigated which
reproduction mode of B. nana shrubs, vegetative reproduction (clonal ramets) or seed dispersal, is
predominant in tundra. The vegetation development after the removal of B. nana, which resulted
in soil subsidence, was monitored and I explored the relationships between vegetation shift and
local permafrost degradation. At last but not the least, I studied the invasion of Sphagnum mosses
in the sedge dominated areas like drainages and ponds, and its influence on the soil conditions
which may enable shrub establishment.

Fig. 1.2 The hypothesized vegetation succession cycles in the tundra of Northeastern Siberia with
the position of the four studies (A, Betula nana removal experiment; B, Sphagnum addition
experiment; C, Microsatellite study; D, Dendrochronology study) which we performed Different
colors represent different soil moisture levels (lighter color, wetter soil condition; darker color, drier
soil condition)
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In chapter 2, I investigated how vegetation and soil conditions shifted after the removal of B. nana
shrubs in the original B. nana dominated patches. I followed a nine-year B. nana removal
experiment which was initiated by Blok et al. (2010) in 2007. The vegetation changes in this
experiment during nine years were analyzed to check whether the B. nana removal plots had
changed toward the sedge dominated status as we observed in thaw ponds that had resulted from
abrupt permafrost thaw outside the experiment. I monitored the development of permafrost
degradation after the removal of B. nana, which had been measured in 2012 by Nauta et al. (2015).
I also studied the Sphagnum dominated stage, the stage before the B. nana dominated stage (Fig.
1.2). Chapter 3 describes a four-year Sphagnum addition experiment in which I assessed the
influence of newly formed Sphagnum carpets in the sedge dominated area on soil conditions,
vegetation composition and greenhouse gas fluxes. I hypothesized that the new Sphagnum moss
carpet significantly changes local soil conditions, creates suitable environments for the germination
of deciduous shrubs like B. nana and limits the growth of sedges.
In Chapter 4 and Chapter 5, two different techniques, dendrochronological measurements and the
microsatellite (DNA marker) method, were applied. In these two chapters I tried to understand
how shrubs establish and become dominant. The dendrochronology study helped us to reveal
whether climate factors affected the germination and the establishment of the B. nana shrubs. The
microsatellite study then facilitated us to explore the prevalent reproduction mode of the B. nana
shrubs. Consequently, I obtained a complete picture of the history of the present B. nana
dominated patches in the tundra of the Northeastern Siberia.
Finally, Chapter 6 gives an overview of the most important results and puts them in the broader
context of Arctic ecology. I furthermore made suggestions for future researches on the Arctic
tundra ecosystems in the context of climate change.
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Chapter 2: Thaw pond development and initial vegetation succession in
experimental plots at a Siberian lowland tundra site
Bingxi Li , Monique Heijmans, Daan Blok, Peng Wang, Sergey Karsanaev, Trofim Maximov, Jacobus
van Huissteden, Frank Berendse

Submitted to Plant and Soil, under review
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2.1 Abstract
Permafrost degradation has the potential to change the Arctic tundra landscape. We observed
rapid local thawing of ice-rich permafrost resulting in thaw pond formation, which was triggered
by removal of the shrub cover in a field experiment. This study aimed to examine the rate of
permafrost thaw and the initial vegetation succession after the permafrost collapse. In the
experiment, we measured changes in soil thawing depth, plant species cover and soil subsidence
over nine years (2007-2015). After the abrupt thaw, the soil subsidence in the removal plots
continued indicating further thawing of permafrost albeit at a much slower pace: 1 cm yr-1 over
2012-2015 vs. 5 cm yr-1 over 2007-2012. Grass cover strongly increased after the initial shrub
removal, but later declined with ponding of water in the subsiding removal plots. Sedges
established and expanded in the wetter removal plots. Thereby, the removal plots have become
increasingly similar to nearby ‘natural’ thaw ponds. The nine years of ﬁeld observations in a unique
shrub removal experiment at a Siberian tundra site document the trajectories of small-scale
permafrost collapse and the initial stage of vegetation recovery, which is essential knowledge for
assessing future tundra landscape changes.
Key words: Arctic tundra; Betula nana; permafrost degradation; thermokarst; vegetation dynamics
2.2 Introduction
The Arctic has experienced a continuous period of warming during the last three decades and it is
predicted that this trend will continue in the near future (IPCC 2013). The warming has triggered a
series of marked changes in the Arctic tundra ecosystems, including permafrost degradation
(Hinzman et al. 2005; Jorgenson et al. 2015), acceleration of greenhouse gas release (IPCC 2013;
Tarnocai et al. 2009) and shifts in vegetation composition (Chapin and Shaver 1996; Elmendorf et
al. 2012; Fraser et al. 2014; Jia et al. 2009; Tape et al. 2006). One of the most striking changes in
vegetation composition is the extensive shrub expansion that has been observed in many parts of
the Arctic (Myers-Smith et al. 2011). Along the Arctic tree line, tree and shrub expansion seem to
be concentrated in upland tundra landscapes and less in lowland tundra (Frost and Epstein 2014).
Occurrence of abrupt permafrost thaw and increasing numbers of thaw ponds or thermokarst pits
have been reported for Alaskan and Canadian Arctic tundra sites (Beck et al. 2015; Jorgenson and
Grosse 2016; Jorgenson et al. 2010; Schuur et al. 2015). At our study site in Siberian lowland tundra,
thaw ponds occur as well and their number has doubled between the 1970s and 2010 based on a
comparison of satellite images (unpublished data). The ice content in the top layer of the
permafrost underlying this region can reach as high as 80% by volume (Iwahana et al. 2014;
Kanevskiy et al. 2013), making the permafrost highly sensitive to climate warming. The melting of
ice in the top layer of permafrost can lead to soil subsidence and ponding of water. The depressions
that evolve from the soil subsidence effectively trap snow and water which contribute to further
thawing and thaw pond formation (Nauta et al. 2015). Little is known about what triggered the
local abrupt thaw, how these thaw ponds have developed over time and how vegetation succession
and recovery eventually takes place.
We set up a Betula nana L. shrub removal experiment at a northeast Siberian tundra site, to
9

examine the impact of vegetation change on seasonal thawing of permafrost (Blok et al. 2010). In
five 10-meter diameter B. nana dominated plots, the aboveground parts of the B. nana dwarf
shrubs had been removed in 2007. Local permafrost collapse and soil subsidence had been
observed by the 5th year in the removal treatment, resulting in ponding of water that shifted the
plots from a net sink into a source of methane (Nauta et al. 2015).
We continued the measurements and analyzed all data collected between 2007 and 2015, to have
a complete picture of the abiotic and biotic changes in the B. nana removal and control plots. We
also compared the vegetation change in the B. nana removal plots with that in the natural thaw
ponds at the same study site.
The goal of this study was to gain insight in thaw pond development and the initial stage of
vegetation succession after abrupt permafrost thaw by examining the changes over 9 years in
thawing depth, soil subsidence and vegetation composition in the B. nana removal experiment.
We hypothesized that after 2012 1) the soil subsidence continued in the B. nana removal plots, 2)
the vegetation composition shifted further, 3) and became more similar to the vegetation of the
natural thaw ponds occurring adjacent to the experimental plots.
2.3 Materials and methods
2.3.1 Site description
The research site is part of the Chokurdakh Scientific Tundra Station, located in the Kytalyk Nature
Reserve in the lowlands of the Indigirka River, Sakha Republic, Russian Federation (70°49’N,
147°28’E). The study area consists of poorly-drained lowland tundra and is characterized by thick
continuous permafrost with a shallow active layer on top. The vegetation of the research area is
classified as tussock-sedge tundra, dominated by Eriophorum spp. sedges and deciduous shrubs
like B. nana and moss (G4), in the Circumpolar Arctic Vegetation Map (Walker et al. 2005). B. nana
is dominant on slightly elevated shrub patches, while Sphagnum mosses and Eriophorum sedges
are the most common plant types in waterlogged depressions surrounding the shrub patches and
in thaw ponds. The research site is in the Low Arctic climate zone with Chokurdakh (WMO station
21946) mean annual air temperature of −13.4 °C (1981-2010) and mean annual precipitation of
196 mm (1981-2010). An extensive site description can be found in Nauta et al. (2015).
2.3.2 Removal experiment and natural thaw ponds
The Betula removal experiment was set up in the summer of 2007. For this experiment, 10 dwarfshrub plots (5 pairs) were selected in the former bed of a thermokarst lake. In each plot pair, one
was the control plot and the other the removal plot. B. nana was the dominant species in all plots.
In July 2007 the aboveground biomass of B. nana in the 10-m diameter removal plots was clipped
manually by using branch clippers. Resprouted B. nana shoots (from belowground coarse roots)
were clipped again in the summer of 2010 and 2013. In 2013, we selected four ‘natural’ thaw ponds
with similar size in the same drained thaw lake basin, for comparison with the subsided B. nana
removal plots. The word “natural” is used here to indicate the contrast with the developing thaw
ponds in the experiment. We do not know the mechanism that triggered the abrupt permafrost
thaw in the studied thaw ponds, but we presume that human-induced vegetation disturbance was
10

unlikely.
2.3.3 Vegetation composition
The point quadrat method was used to measure the vegetation composition of each plot annually
in mid-July. We assessed the cover of vascular plant species and moss and lichen groups of each
plot by recording the presence at 169 evenly distributed points (13 × 13 matrix) covering 10 × 10
m. We only used the records inside the 10-m diameter plot areas in the following analyses. We
vertically lowered a thin metal pin and recorded all the plant species that the pin touched while it
was brought down at each point, with a maximum of one hit per species per point. The cover of a
plant type was defined as the number of times this plant type was recorded per plot divided by the
total number of points within the 10-m diameter plot. Therefore, the value of a plant species cover
was between 0% and 100%. The same method was also used for measuring the vegetation
composition of the natural thaw ponds in mid-July of 2013. We measured the vegetation
composition before the B. nana removal treatment in the removal plots in 2007 and 2010 but after
the treatment in 2013.
To illustrate the changes in vegetation composition over time, we made mosaic like vegetation
maps using “ggplot2”, “gird”, “Rcolorbrewer” and “scale” packages from the R Project for Statistical
Computing. The top species hit at each point from 2007, 2009, 2011, 2013 and 2015 was used for
the vegetation maps. We categorized the plant species into 14 groups with unique colors (B. nana,
Salix spp., other shrub, grass, sedge, forbs, lichen, non-Sphagnum moss, Sphagnum, water/mud
(bare soil) surface, shrub litter, grass litter, sedge litter). The “other shrub” group included
Rhododendron tomentosum Harmaja, Rubus chamaemorus L., Vaccinium uliginosum L., and
Vaccinium vitis-idaea L.. The main grass species was Arctagrostis latifolia (R.Br.) Griseb. The “sedge”
group included Eriophorum angustifolium Honck., Eriophorum vaginatum L., and Carex aquatilis
var. minor Boott.
We compared the cover of each plant group in the control and the removal plots over the whole
time series and annually using Repeated Measures ANOVA and one-way ANOVA tests, respectively,
in SPSS software (IBM SPSS Statistics for Windows, ver. 22.0; IBM Corp., Armonk, NY, USA). The
normal distribution of each variable was examined before this test and the tests mentioned later.
All data series whose residuals were not normally distributed were log-transformed and their
residuals were normalized.
To visualize the vegetation shift in the two plot types between 2007 and 2015 and the similarity
with the natural thaw ponds, a PCA figure was made by using CANOCO (canonical community
ordination) software (version 4.5, Microcomputer Power, NY, USA). The same vegetation groups
used in the vegetation maps were also implemented here. We calculated the average cover of each
plant group in the control and the removal plots for each year and loaded the results in CANOCO
for the final PCA figure. We included the four natural thaw ponds (measured in 2013) in the PCA
figure for comparison with the removal plots. Finally, we made a dendrogram figure to explore the
similarity in vegetation composition of the individual plots using SPSS software. The point quadrat
data measured in 2013 were used in this test.
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2.3.4 Thaw depth and surface elevation
The soil active layer thickness (ALT) of each plot in the B. nana removal experiment has been
measured in late July of each year. ALT was measured from the top of the moss/litter/bare-soil
surface to the top of the permafrost at nine points within each plot using a bluntly tipped steel
probe. We compared the ALT of the control plots and the removal plots using RM-ANOVA with year
as repeated factor within plots. ALT differences between the control plots and the removal plots in
specific years were analyzed using one-way ANOVA tests.
The relative surface elevation of each plot was measured in 2015 using an optical levelling
instrument and compared to the measurements in 2012 (Nauta et al. 2015). Two diagonal transects
perpendicular to each other, extending several meters beyond the plot borders, were introduced
to measure the relative surface elevation in each plot. We followed the same procedures and steps
that were made in the preceding years, guaranteeing that the data series were comparable,
although the measurements had not been done at exactly the same spots within the transects.
Each transect had 19 evenly distributed spots every 1 m for the elevation measurement within the
10-m diameter plot, and at least 8 extra spots outside the plot area (4 spots per side). To calculate
the relative elevation, the mean elevation of the 16 spots of the two transects just outside the plot
was considered as the 0 m reference, assuming the elevation of these spots had changed little
between 2012 and 2015. In this way, we transformed the original elevation data into the relative
elevation data series that could be used to compare the treatments. The mean relative elevation
of each plot type in 2012 and 2015 were compared by using linear mixed model tests. In the test,
plot was treated as the subject, with year and distance to plot center repeated within plot, and
treatment (control, removal), year (2012, 2015) and distance to plot center (0 to 5 m) were the
fixed factors. RM-ANOVA tests were furthermore used for comparing the elevations of each plot in
2012 and 2015.
2.4 Results
2.4.1 Abiotic changes in the Betula nana removal experiment
The soil subsidence in the removal plots continued after 2012, resulting in further thaw pond
development (Fig. 2.1). Surface elevation changes between 2012 and 2015 depended on the
removal treatment (treatment × year interaction: F = 4.68, p = 0.033). The removal plots had
experienced significant elevation changes between 2012 and 2015 (control plots: F = 26.20, p =
0.081; removal plots: F = 13. 10, p = 0.001, Fig. 2.2, Fig. 2.A1). The subsidence between 2012 and
2015 of the removal plots was significantly larger than that of the control plots (removal plots: 7.6
± 1.3 cm; control plots: 2.3 ± 0.6 cm; F = 26.35, p < 0.001). In the removal plots, distance from plot
center significantly affected the elevation changes (control plots: F = 3.20, p = 0.844; removal plots:
F = 4.31, p = 0.011). The subsidence progressively increased from the margins to the centers of the
removal plots (slope = 1.5 cm m-1, R2 = 0.93).

12

Fig. 2.1 One pair of a control plot with dense Betula nana shrub vegetation (left) and a 10-m
diameter removal plot in which the aboveground biomass of B. nana had been removed (right).
Photos were taken from the same position in 2010 and 2014. The control plot has not changed,
whereas this removal plot has turned into a thaw pond. The yellow circle indicates the area of the
10-m diameter plot.

Fig. 2.2 The relative surface elevation in 2012 (red lines) and 2015 (blue lines) of the control plots
(left panel) and the B. nana shrub removal plots (right panel) at increasing distance from the plot
center. Data are mean values ± s.e.m., n = 5 plots. The average elevation at 6-9 m from the plot
center (n = 16 spots) was taken as the zero reference for each plot.
In all eight years after the initial removal of B. nana cover, the late-July thawing depth (ALT) in the
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removal plots was significantly deeper than in the control plots (F = 105.92, p < 0.001 in 2015, Fig.
2.3). The ALT in the removal plots increased over years while the ALT in the control plots was rather
stable (interaction between year and treatment: F = 17.48, p < 0.001). ALT in the removal plots had
continuously increased from 2009 to 2012 (slope = 5.6 cm y-1, R2 = 0.95) but became stable
afterwards (slope = 0.26 cm y-1, R2 = 0.01). Similarly, the difference in ALT between control and
removal plots did not increase further after 2012 (Fig. 2.3).

Fig. 2.3 Late-July active layer thickness (ALT) in the B. nana shrub removal plots (Removal) and
control plots (Control) from the start of the experiment (2007) until 2015. Data are mean values ±
s.e.m., n = 5 plots. *, ** and *** indicate signiﬁcant differences between the two treatments (p <
0.05, p < 0.01, p < 0.001, respectively).
As a result of the soil subsidence and increased ALT in the removal plots relative to the control
plots, the permafrost table lowered on average by 30 cm over 8 years in the removal plots (Fig.
2.4). However, after 2012 the permafrost thawing rate strongly declined from 5.4 cm y-1 over 20072012 to 1.0 cm y-1 over 2012-2015.
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Fig. 2.4 Soil subsidence and the thawing of permafrost in the B. nana shrub removal plots (20072015). The black line indicates the lowering of the soil surface (soil subsidence), based on relative
elevation measurements in 2012 and 2015. The grey line indicates the lowering of the permafrost
table, calculated as the sum of soil subsidence and the increase in thawing depth (ALT, measured
relative to the soil surface) due to the removal treatment.
2.4.2 Vegetation shifts in the Betula nana removal experiment
In 2007, the initial covers of all major plant groups in the control plot and the removal plots were
not significantly different (all p > 0.05, Fig. 2.5). While the covers of the major plant types in the
control plots were rather stable, the cover of B. nana, grass, sedge and mud/water in the removal
plots showed large changes (Fig. 2.5). In the removal plots most vegetation change over the whole
experiment period can be attributed to the changes in the covers of the two main plant types: B.
nana shrubs, whose aboveground biomass had been removed in 2007, 2010 and 2013, and grasses.
The cover changes of both plant types were over 30%. The clipping of B. nana dwarf shrubs
drastically reduced its cover in the removal plots, as intended, from 78% ± 6% in 2007 to 13% ± 1%
in 2015 (Fig. 2.5). During this process, the regrowth of B. nana in the removal plots was substantial
in 2009 and 2010 but declined again after the removal of regrowth (Fig. 2.5). The grass cover
strongly increased from 2009, reaching a peak in 2011 (55% ± 6%), but declined thereafter and
dropped back to 23% ± 6% in 2015.
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Fig. 2.5 The cover (%) of seven plant groups and exposed mud/water in the B. nana shrub removal
experiment between 2007 and 2015. Data are mean values ± s.e.m., n = 5 plots. The blue lines
indicate the cover in the B. nana removal plots and the red lines are the values in the control plots.
*, ** and *** indicate signiﬁcant differences between the two treatments (p < 0.05, p < 0.01, p <
0.001, respectively). Aboveground biomass of B. nana had been clipped off in 2007, 2010 and 2013.
In 2007 and 2010 the vegetation measurements took place before the removal, in 2013 the
vegetation survey was made after the removal of regrowth.
The removal of B. nana also changed the cover of sedges and mud/water significantly. Both
mud/water and sedges were present in the removal plots since 2011, and reached around 20%
cover in 2015 (mud/water: 22% ± 12%, sedge: 20% ± 5%). In the very wet summer of 2011, the
cover of mud and standing water abruptly increased from 0% to 16% and 7%, but fell back to
around 5% in the drier summers of 2012 and 2013 (Fig. 2.5).
The mosaic-like vegetation maps show the changes in species composition in the canopy of the
five removal plots over the years (Fig. 2.6). In all five removal plots the canopy was dominated by
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B. nana shrubs before the B. nana removal took place in the removal plots. With the decrease of
B. nana, the grasses strongly increased in cover, becoming the most common plant type, with a
cover of at least 34%, in all five removal plots in 2011 (Fig. 2.6). Sedges first appeared along the
margin of removal plot 3 in 2009 and became the most common plant group in the canopy in
removal plot 2 (23%) and 3 (31%) in 2015, while the sedge cover in the other three plots varied
between 10% and 15% (Fig. 2.6). Moreover, 41% of the area of removal plot 5 was bare mud or
water in 2015. In the natural thaw ponds, sedge was the dominant plant type, accompanied by
some Sphagnum moss in pond 3 and 4, while B. nana was dominant just outside the pond (Fig.
2.6).
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Fig. 2.6 The vegetation composition, as seen from above the canopy, of the five B. nana removal
plots and four natural thaw ponds outside the experiment area, based on the top hit of the point
quadrat measurements (B. nana removal plots in 2007, 2009, 2011, 2013 and 2015 and natural
thaw ponds in 2013). The colors of the mosaic represent different plant groups. The black pixels
indicate the area outside the 10-m diameter plot.
2.4.3 Comparison of removal plots with natural thaw ponds
The vegetation composition of the control plots did not change much over the years of study. In
contrast, the removal plots had experienced a large vegetation shift, from B. nana dominated plots
in 2007 before the removal treatment to plots characterized by grasses and Salix shrubs in 2012
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(Fig. 2.7). The cover of sedges and mud/water increased as well, indicating that the removal plots
moved in the direction of the natural thaw ponds, which are characterized by the sedges,
Sphagnum and exposed mud and water surfaces. Thaw ponds 1 and 4 seemed more similar to the
removal plots, compared to the other two thaw ponds. The dendrogram providing the
relationships of the vegetation compositions of the individual control, removal and natural thaw
pond plots in 2013, shows that the control plots were clearly separated from the removal plots and
thaw ponds (Fig. 2.A2). Although the removal plots and natural thaw ponds were still in separate
groups in 2013, the removal plots had become more similar to the natural thaw ponds than to the
control plots (Fig. 2.A2).

Fig. 2.7 The vegetation changes in the B. nana shrub removal experiment over time (2007-2015),
based on a Principal Component Analysis of the point-quadrat data, in the control plots (blue dots)
and the B. nana removal plots (orange dots). The black dots represent the four natural thaw ponds,
measured in 2013. Darker color denotes the vegetation composition of the more recent years. The
arrows represent the major plant groups: betula: Betula nana; salix: Salix spp.; mud/wate: exposed
mud/water; dwarf_sh: other dwarf shrub (Vaccinium spp., Rubus chamaemorus and Ledum
palustre ssp. decumbens); grass: grass (mainly Arctagrostis latifolia); sedge: sedge (mainly E.
angustifolium); brown_mo: moss (excluding Sphagnum spp.); lichen: lichen; Sphagnum: Sphagnum
spp. moss. The dashed red arrow indicates the change in the vegetation composition in the removal
plots over the years.
2.5 Discussion
Although the differences in thawing depth between the control and removal plots stabilized after
2012, the removal plots continued to change. As thawing depth is measured relative to the ground
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surface, the further soil subsidence after 2012 implied that the permafrost thaw in the removal
plots had continued, although at a much slower pace. The increased area of standing water and
exposed mud confirmed further subsidence and increasing wetness in the removal plots. Nauta et
al. (2015) argued that a positive feedback loop between thawing and the increasing water area
developed in the removal plots. Water is trapped in the depressions, and the pooling of water
accelerated local thawing, due to the strong reduction in albedo when green or brown vegetation
is replaced by the dark water surface. The collapsed concave plots also trap more insulating snow
in winter, accelerating the positive feedback between permafrost thaw and soil subsidence (Nauta
et al. 2015).
The vegetation composition of the removal plots shifted between 2007 and 2015 in response to
the removal of B. nana and increasing wetness, while the vegetation composition in the control
plots was rather stable. Grasses replaced B. nana shrubs and became the most common species in
2011 but decreased afterwards. The removal of the aboveground biomass of the highly dominant
B. nana probably increased light and nutrient availability for the other species that were already
present.
In general, soil nutrient limitation, especially of phosphorus and nitrogen, markedly suppresses the
growth and the reproduction of plants in the Arctic tundra (Dormann and Woodin 2002; Shaver et
al. 1998). Several nutrient addition experiments (Robinson et al. 1995; Shaver and Chapin 1986) in
the Arctic tundra have shown that compared with other plant types, the grasses could benefit most
from extra soil nutrients (nitrogen and phosphorus). The biomass of the grasses, which was low in
the unfertilized plots, increased more than 15 fold in fertilized plots of these experiments. The fast
increase of grasses, in our experiment mainly A. latifolia, can probably be attributed to their good
ability to compete for nutrients (Kemper and Macdonald 2009).
In comparison to dwarf shrubs like B. nana and V. vitis-idaea, grasses and sedges have deeper roots
(Miller et al. 1982; Shaver and Cutler 1979; Wang et al. 2016), and thus have better opportunities
to reach the nutrients in the newly thawed deep soil (Oulehle et al. 2016). Low shrub canopies in
tundra reduce local permafrost thawing during the growing season, maintaining shallower thawing
depths than the areas dominated by other plant types (Blok et al. 2010; Wang et al. 2016). The
deeper thawing depths in the removal plots imply that nutrient availability for roots growing in the
deep soil has probably been higher in the removal plots. In our study, the cover of the grasses in
the removal plots, which was initially below 20%, reached over 50% in the 5th year after the start
of the experiment. Thus, the grass A. latifolia proved to be a fast responder to rapidly changing soil
conditions in the removal plots, which is similar to its response in a deep soil heating and
fertilization experiment at the Kytalyk site (Wang et al 2017). This grass species might be an
indicator of recent abrupt thawing of the permafrost. A. latifolia has earlier been identified as a
species that responds to disturbances (Kemper and Macdonald 2009).
Subsequently, the rapid rise of the soil moisture content and the increased area of standing water
in the removal plots probably enabled the establishment and growth of sedges, mainly E.
angustifolium, led to the decrease of the grasses, and prevented the re-growth of the B. nana
shrubs in the removal plots simultaneously. The exceptionally high water/mud cover in 2011 in the
removal plots probably resulted from the high summer rainfall (158 mm in June-August), almost
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twice of the mean summer rainfall (84 mm) between 2008 and 2015. In tundra, E. angustifolium
sedges and B. nana shrubs occupy areas with distinctively different soil moisture conditions. E.
angustifolium prefers the waterlogged areas (Shaver and Chapin 1991), while B. nana favors the
elevated, well-drained hummocks (Groot et al. 1997). The extremely high soil moisture might
therefore have killed the surviving belowground stems of B. nana shrubs in the removal plots,
stopping the regrowth of B. nana consequently. E. angustifolium was not present in the plots at
the start of the experiment, but was abundant in nearby depressions surrounding the slightly
elevated B. nana shrub patches, and perhaps needed some time to get established in the wet parts
of the removal plots. It is not clear why A. latifolia is on the decline in the removal plots. Probably,
it cannot tolerate the permanently water-saturated conditions in the thaw ponds and is therefore
being replaced by E. angustifolium. This species is known to withstand anaerobic conditions due
to its aerenchymous tissues which conduct oxygen from the atmosphere to the anaerobic root
zone. Ponding water has been consistently observed in the removal plots since 2011, so we expect
the sedge E. angustifolium to become more common in the removal plots.
The direction of the vegetation shifts was similar in all five removal plots, although the pace of the
shifts differed. We suggest that the differences in present vegetation composition among the
removal plots are mainly the consequence of the different substrate conditions. The ice content of
the permafrost underlain lowland tundra often reaches as high as 80% by volume in the top of the
permafrost (Ping et al. 2013). In our study site, the ice content in permafrost was on average 75%
by volume as well (Iwahana et al. 2014). Nevertheless, the ice content in the ice-rich permafrost is
not evenly distributed. The permafrost with higher ice content collapses more rapidly, as the
melting of the ice drives the soil subsidence. Accordingly, the removal plots with higher ice contents
in permafrost may have subsided more, resulting in higher soil moisture contents. As the tundra
plants are usually sensitive to the changes in soil moisture, different soil moisture levels largely
determined the variation in plant species composition of the different removal plots.
Although the removal plots are still different in comparison to the natural thaw ponds, it is clear
that they resemble more and more thaw ponds 1 and 4, due to increasing sedge cover and an
increased area of mud and water in the removal plots. However, Sphagnum cover in the removal
plots is still very low compared to the thaw ponds. Perhaps these mosses represent a later
succession stage, or need more time to establish, as they are not very abundant in the direct
surroundings of the removal plots. We do not know how old the studied natural thaw ponds are.
However, they were present in 2010 (visible on GeoEye very high-resolution satellite image). It is
well possible that they have undergone the same vegetation succession trajectory of fast grass
expansion at the start of thawing and soil subsidence, followed by ponding of water, B. nana
mortality from drowning, and sedge establishment. In the natural thaw ponds, the grass is still
present in-between the open water with drowned shrubs and the living B. nana vegetation (Fig. 2.
6). The natural thaw ponds were also characterized by the presence of Sphagnum moss. Sphagnum
is known as an ecosystem engineer creating environmental conditions which halt the expansion of
sedges (Heijmans et al. 2002). The moist Sphagnum moss carpet may provide conditions for
germination and re-establishment of B. nana shrubs (personal observation). Ultimately, growth of
ice in the aggrading permafrost under the recovering protective moss and dwarf shrub vegetation
may lift the ground surface (Mackay 1995 in Streletskiy et al. 2016), creating the slightly drained
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conditions needed for B. nana dominance.
The two thaw ponds resembling the removal plot the most are isolated thaw ponds within a shrub
patch, whereas the other two thaw ponds are located along the margin of a shrub patch where the
permafrost is in contact with flowing water in the adjacent drainage depression. For the isolated
thaw ponds it is unknown what caused the abrupt permafrost thaw. The experiment has shown
that disturbance of the vegetation can trigger increased thawing initiating a positive feedback loop
of soil subsidence, trapping of snow and reduced albedo due to pooling leading to further thawing
and thaw pond development (Nauta et al. 2015). Climate warming, flooding and human activities
have also been suggested as possible triggers for abrupt thaw (Nauta et al. 2015; Schuur et al.
2015). In the control plots of the removal experiment the thawing depth was deepest in 2011 which
was a very wet and also warm summer (Nauta et al. 2015). 2011 was also the year in which the
ponding of water in the removal experiment started (Fig. 2.5), although the removal of B. nana
regrowth in 2010 may have contributed to further thawing and soil subsidence as well. Predicted
future warmer and wetter conditions could more often trigger abrupt thawing at locations where
the top of the permafrost contains pure ice lenses which are not sufficiently protected by the
vegetation cover.
Thaw ponds emit both CO2 and the strong greenhouse gas methane, whereas shrub vegetation
acts as a sink for both greenhouse gases (Nauta et al. 2015; van Huissteden et al. 2005). However,
vegetation succession in thaw ponds will probably result in renewal of the CO2 sink when wet sedge
vegetation has developed, which may compensate for the high methane emission (Huissteden and
Dolman 2012). This study has contributed new knowledge about the trajectory of thaw pond
development and the initial stage of vegetation recovery, which is needed for an assessment of the
greenhouse gas consequences of abrupt permafrost thaw. There are many observations of recent
thermokarst, the thawing of ice-rich permafrost causing soil subsidence (many examples in
Jorgenson and Grosse 2016, and Liljedahl et al. 2016). In lowlands, the soil subsidence results in
new open water features such as ice wedge troughs, thermokarst pits or thaw ponds in which the
pre-existing dwarf shrub vegetation drowns. It is yet unclear how widespread the phenomenon is.
The coastal lowlands of eastern Siberia are known to have abundant thermokarst landforms
(Olefeldt et al. 2016) and are classified as highly vulnerable to climate change (Nelson et al. 2001),
yet are underreported in English-language scientific literature (Olefeldt et al. 2016). Our
observations on permafrost and vegetation dynamics conducted at a Northeastern Siberian tundra
site with a relatively warm summer climate could be relevant to assess future landscape changes
in currently colder tundra areas as well.
2.6 Conclusion
The nine years of ﬁeld observations in a unique B. nana shrub removal experiment at a Siberian
tundra site illustrated on-going permafrost thaw, albeit at a much slower pace in recent years, and
significant vegetation change after the removal of the aboveground B. nana biomass. The grass
species A. latifolia appeared a fast responder to the abruptly changed light, nutrient and thawing
depth conditions caused by the removal treatment. Permanent ponding of water in the subsiding
removal plots, from the fifth year of the experiment, resulted in establishment of the sedge species
E. angustifolium, which is gradually replacing the grass. The vegetation in the removal plots in the
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seventh year was still different compared to the natural thaw ponds at the same study site,
particularly in terms of sedge and Sphagnum cover. However, it was clear that with the increasing
sedge and open water cover the removal plots were becoming more and more similar to the
natural thaw ponds in the recent years. This implies that our observations in the experiment may
represent the trajectory of thaw pond development and the initial stage of vegetation recovery in
lowland tundra, which is essential knowledge for an assessment of future landscape changes and
the CO2 and methane emission consequences of abrupt permafrost thaw.
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2.8 Appendices

Fig. 2.A1 Relative surface elevation of each plot in the B. nana shrub removal experiment at
increasing distance from the plot centre in 2012 and 2015. Data are mean value ± s.e.m., n = 4
spots. The red lines are the relative elevation values in 2012 and the blue lines are the relative
elevation values in 2015.
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Fig. 2.A2 The dendrogram of the correspondence analysis based on the canopy vegetation
composition of the plots in the B. nana shrub removal experiment (5 control plots and 5 removal
plots) and the four natural thaw ponds, all measured in 2013. The closer the plots are to each other
in the graph, the higher the similarity in species composition.
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Chapter 3: Peat moss carpet reduces methane emission and facilitates
shrub expansion in Siberian Arctic tundra
Bingxi Li, Monique Heijmans, Juul Limpens, Angela Gallagher, Jacobus van Huissteden, Trofim
Maximov, Frank Berendse
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3.1 Abstract
Sphagnum mosses are well known as environment engineers and are widely distributed in moist
northern ecosystems, i.e. boreal peatlands and Arctic tundra. They have the capability to change
local vegetation distributions by creating cool and nutrient limited soil conditions. It has also been
suggested that they are able to limit local methane emission as well. So far most studies focused
on the ecological functions of Sphagnum mosses in boreal peatlands, while in Arctic tundra similar
studies were rare. In this study we set up a 4-year Sphagnum carpet removal/addition field
experiment at a north-eastern Siberian tundra site to investigate how Sphagnum mosses affect
local abiotic conditions, vegetation dynamics and greenhouse gas fluxes. The results indicated that
only a fully established Sphagnum cover has the capability to reduce permafrost thawing in
summer. The Sphagnum carpet did not only limit Eriophorum sedge growth, but also provided a
substrate for seed germination of deciduous shrub species Betula nana L. and Salix spp. The
presence of Sphagnum mosses strongly reduced local CH4 emission rates, probably by creating a
thicker aerobic moss layer in which methane is oxidized. Local CO2 absorption, in contrast, was
strongly related to sedge tiller density. Consequently, we confirmed that the presence of
Sphagnum mosses not only affects local abiotic environment and vegetation succession of Siberian
moist tundra, but they are also pivotal to local greenhouse gas fluxes.
Key-words: Betula nana L., CO2 flux, Eriophorum angustifolium Honck, methane flux, Sphagnum
moss, seed germination, Siberian tundra, soil nutrient, vegetation dynamics
3.2 Introduction
The Arctic is warming at unprecedented rates, strongly influencing ecosystem structure and
functioning (Hinzman et al. 2013). To date, warming has triggered large-scale permafrost
degradation (ACIA 2005; IPCC 2013) and has initiated vegetation changes Arctic (Hill and Henry
2011), most notably shrub expansion (Frost and Epstein 2014; Hudson and Henry 2009; MyersSmith et al. 2011; Shaver et al. 2001), that have the potential to further amplify atmospheric
warming (Chapin et al. 2005; Eugster et al. 2000). However, at our research site in northeast
Siberian lowland tundra it is unclear whether shrub expansion is taking place. We also observed
local die-back of low shrub vegetation due to small-scale collapse of ice-rich permafrost leading to
the formation of thaw ponds (Nauta et al. 2015). Sedge vegetation may quickly colonise these thaw
ponds, followed by establishment of Sphagnum mosses, which may ultimately lead to the
reestablishment of low shrub vegetation. Consequently, to gain insight in how Arctic ecosystems
and their functions will respond to further warming, it is necessary to better comprehend the
speed and direction of vegetation succession in Arctic, especially the roles of key environment
engineers, such as Sphagnum mosses.
Sphagnum mosses are generally recognized as environmental engineers in northern wet
ecosystems (Svensson 1995). Sphagnum species have the capacity to change their environment to
a large degree, by creating a cold, acidic and nutrient poor environment that impedes the growth
of vascular plant species (van Breemen 1995), such as sedges (Heijmans et al. 2002a). Conversely,
the open and moist Sphagnum carpets also offer prime germination sites for many vascular plant
species, even though most of the vascular plant seedlings are quickly overgrown by the mosses
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(van Breemen, 1995; Limpens et al., 2014). In northern peatlands, where Sphagnum mosses are
highly dominant, the competition between Sphagnum mosses and vascular plants can be fierce
(Pouliot et al. 2011), as Sphagnum mosses have been shown to strongly reduce the nutrient
availability for vascular plants (Heijmans et al. 2002b). In sub-Arctic region, permafrost peatlands,
Sphagnum mosses may off-set warming effects on shrub expansion (Lang et al. 2009), thereby
maintaining moss-dominance. If Sphagnum could play similar roles in moist Arctic tundra where
peat layers are thinner, is unknown.
Apart from influencing succession trajectories, Sphagnum carpets may also modify the
composition and release of greenhouse gases, by its effects on production, passive release and
oxidation potential of methane. The methane dampening potential of Sphagnum carpets can be
substantial, as shown by Parmentier et al. (2011) for moist Siberian tundra. The potential of
Sphagnum to reduce methane emissions and to facilitate establishment of low shrubs which
protect the permafrost could prove essential to reduce warming effects in moist tundra.
Permafrost degradation in moist tundra may increase methane emissions substantially by
formation of thaw ponds (Nauta et al. 2015). Subsequent colonization of these ponds by Sphagnum
carpets might strongly restrict local methane emissions (Treat et al. 2007).
The goal of this study was to examine the effect of Sphagnum carpets on soil conditions, vegetation
development and greenhouse gas fluxes. In particular, we set out to test three hypotheses: 1)
Sphagnum mosses change the local environment, i.e. decrease thawing depth, soil temperature
and soil nutrient availability; 2) Sphagnum mosses depress the growth of sedges, while deciduous
shrub seedlings can germinate in Sphagnum carpets; 3) Sphagnum mosses decrease local methane
emission. To investigate these hypotheses, a three-year Sphagnum moss carpet removal and
addition experiment was run from 2011 till 2014 in a moist lowland tundra site in northeast Siberia.
3.3 Material and methods
3.3.1 Study site
The field experiment was conducted in the northeast Siberian tundra in the Kytalyk Nature Reserve
(70˚49’N, 147˚28’E), located in the Indigirka lowlands and approximately 30 km northwest of the
town of Chokurdakh, Sakha Republic, Russian Federation. The whole region is underlain by over
300 m thick continuous permafrost, with a shallow active layer (less than 1 m) on top of it which
thaws in summer and refreezes in winter. The mean annual temperature (1981-2010) at
Chokurdakh (WMO station no. 21946 in Chokurdakh) is -13.4 °C. The mean July temperature of the
same period is 10.3 °C and the mean January temperature is -34.0 °C (http://climexp.knmi.nl/).
Annual precipitation is 200-250 mm, and half of it occurs during the summer months (Nauta et al.
2015).
The Sphagnum addition experiment was established in a drained thaw lake basin. In this former
lake bed, low B. nana shrubs form slightly elevated shrub patches and Eriophorum sedges (mainly
Eriophorum angustifolium Honck) occupy the drainage depressions and thaw ponds. Sphagnum
moss carpets mostly occupy the transition zones between these vegetation types. Common
Sphagnum species in the study area include Sphagnum balticum (Russow) C.E.O. Jensen,
Sphagnum compactum Lam. and DC., Sphagnum subsecundum Nees and Sphagnum squarrosum
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Crome. Vascular plant species such as Salix spp. shrubs, Saxifraga cernua L. and Comarum palustre
L. are often present in the Sphagnum carpets.
3.3.2 Sphagnum addition experiment
Five transition zones between B. nana dominated shrub patches and sedge dominated depressions
(Fig. 3.1) were selected for the experiment. At each location, four 1 m × 1 m plots were established,
two plots (Undisturbed Sphagnum plots and Sphagnum Removal plots) in the area initially
dominated by Sphagnum mosses, and two (Undisturbed Sedge plots and Sphagnum Addition
plots) in the sedge dominated zones. The distances between any two plots at the same location
were around 5 m. The five locations were at least 100 meters apart from each other.

Fig. 3.1 Graphic representation of the experiment setup: all experiment plots were located at the
transition from Betula nana dominated shrub patches (dark grey) to sedge dominated depressions
with standing water (light grey). The medium grey band represents the Sphagnum moss carpet
with low density of vascular plants. The Sphagnum Removal plot (Removal) and the undisturbed
Sphagnum plot (Sphagnum) are in the Sphagnum carpet area. The two squares in the sedge
dominated area are the undisturbed Sedge plot (Sedge) and Sphagnum Addition plot (Addition).
The size of each plot is 1 m × 1 m.
In July 2011 the Sphagnum Removal plots were created by removing the approximately 10 cm thick
mat of green Sphagnum mosses, leaving the brown (moss) litter layer behind. The aboveground
biomass of both sedges and other vascular plants inside the Sphagnum Removal plots was clipped
off at the brown-coloured moss litter surface after the removal of Sphagnum mosses. The removed
Sphagnum moss carpets were immediately added to the neighboring Sphagnum Addition plots in
the sedge dominated area. Only the Sphagnum mosses were transplanted to the Sphagnum
Addition plots. The sedges in the Sphagnum Addition plots were gently bent before adding the
Sphagnum moss layer, mimicking the invasion of Sphagnum mosses in Sedge dominated areas
(personal observations).
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3.3.3 Measurements
The active layer thickness (ALT) and water table position (WTP, the position of water surface
relative to soil or moss surface) in each plot were measured approximately once a week during the
growing seasons in 2012, 2013 and 2014. Soil temperature was measured with A-button
temperature data loggers (Type SL52T, Signatrol Ltd, UK) buried at 15 cm below moss/soil surface.
These loggers have kept running from July 2011 to July 2014. Unfortunately, due to highly wet soil
conditions, more than half of the data loggers were broken during the first two years. The broken
ones were replaced by new loggers with better waterproof silicon protection shells in 2013.
Consequently, only the temperature data from July 2013 to June 2014 were complete enough for
analysis.
Nutrient availability was assessed by burying ion-exchange resin bags. Approximately 5 g of ion
exchange resins (IONAC® NM-60 H+/OH Form, type 1 beads; J.T. Baker, Philipsburg, NJ, USA) were
enclosed in a 100-µm mesh size mesh bag (5 cm × 5 cm). One bag was buried at 15 cm depth in
each plot in the summer 2011 and retrieved after one year (Hobbie and Chapin 1998). All resin
bags were kept in cool conditions and transported to the Netherlands for nutrient analyses. The
resin bags were extracted in 50 ml 2 M NaCl in 0.1 M HCl. We then used an auto-analyzer (Skalar)
3−
to measure NH4+ , NO−
and K concentrations of the ion-exchange resins afterwards
3 , PO4
−
(Breeuwer et al. 2010). As the concentration of NO−
3 , is extremely low, NO3 was therefore not
included in the further analyses.
In late July of 2013 and 2014, the sedge tiller numbers inside the 30 cm diameter PVC collar
(inserted for gas flux measurement) of each plot (mainly E. angustifolium mixed with some Carex
aquatilis Wahlenb) were counted for estimating the sedge density of each plot. Each plot had one
collar inserted at the plot center. In late July 2014, the aboveground biomass of the sedges inside
the collar area of each plot was clipped off at the moss/soil surface, dried (70 ˚C, 48 hrs in oven)
and weighed.
The establishment of vascular plants in the Sphagnum moss carpets was assessed by counting the
number of seedlings in all experimental plots in August of 2014. All the seedlings (whole plant)
were collected, dried in the oven (70 ˚C, 48 hrs) and the total dry biomass of the seedlings of each
plot was weighed.
The vertical increment of the Sphagnum moss carpet was monitored using two brush wires, a
modification of the cranked wire method by Clymo (1970), erectly inserted into each plot at the
start of the experiment in 2011 (Breeuwer et al. 2010; Limpens et al. 2004). We measured the
relative moss/soil surface twice (at July, 2011 and early August 2014, the beginning and the end of
the experiment).
Greenhouse gas fluxes (CO2, CH4) were measured four times (8th, 18th, 26th and 29th of July, 2013)
by using chamber measurements (Ultraportable Greenhouse Gas Analyzer, Los Gatos research,
USA). The size of the transparent cylinder chamber was 28 cm high and 30 cm in diameter. For the
chamber measurements, one 15 cm high PVC collar with the same diameter of 30 cm was half
buried at the center of each plot at the beginning of July, 2013 and kept at the same location
afterwards. The chamber was carefully put on the collar, creating an air-tight chamber space during
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the measurement. Each gas flux measurement lasted approximately 2-3 minutes, and the gas
analyzer recorded the chamber gas concentrations once per second (120-180 records per
measurement). Based on the linear increase or decrease of CH4 and CO2 concentrations together
with measured soil temperature at 5 cm depth and chamber height (above soil surface),
greenhouse gas fluxes of each plot were calculated in Matlab (version R2013a, Mathwork Inc., USA).
To explore potential treatment artifacts, e.g. disturbance due to the removal or addition treatment,
on environmental or biotic responses, we selected 11 isolated Sphagnum patches (from 1 m2 to
approximately 20 m2) newly formed within sedge dominated drainage depressions in the beginning
of August, 2014. Within each patch, we randomly selected a 50 cm × 50 cm large plot and one
same size plot outside the patch in the neighboring sedge dominated area for comparison. The
numbers of both sedge tillers and deciduous shrub ramets in each plot were recorded. In addition,
the ALT and WTP of each plot were measured at the same time using the same methods as in the
experiment.
3.3.4 Statistical Analyses
The statistical analyses were performed in SPSS software (IBM SPSS Statistics for Windows, ver.
19.0; IBM Corp., Armonk, NY, USA). During the tests, the residual normality of every variable was
tested. The gas flux data were ln-transformed to improve the homogeneity of variances and
residual normality. For the measurements that were done in multiple years (ALT, WTP, sedge tiller
density) or on multiple dates (gas fluxes), we used repeated measures analysis of variance (RMANOVA) combined with Tukey’s-b post-hoc test to detect significant differences between the plots
of the four treatments (Undisturbed Sedge plots, Sphagnum Addition plots, Undisturbed
Sphagnum plots and Sphagnum Removal plots).
We further used one-way ANOVA combined with Tukey’s-b post-hoc test to rank the key soil
nutrient availability (ammonia-nitrogen and phosphate-phosphorous) differences among the four
treatments. Location, the five transition zones, was not included as a random factor in the ANOVAs,
as it did not change the general results. Spearman’s correlation tests were applied to explore
relationships between sedge tiller density and environmental variables (ALT, WTP, NH4+ and
PO3−
availability); and relationships between gas fluxes and sedge tiller density and
4
environmental variables.
At last, the ALT, WTP, sedge tiller density and non-sedge vascular plants numbers in plots both
inside and outside the 11 isolated Sphagnum patches were compared by using paired t-tests.
3.4 Results
3.4.1 Abiotic factors
The ALT increased progressively across the growing seasons of 2012 (time: F = 170.4, p <0.01) and
2013 (time: F = 47.7, p < 0.01). In both years of analysis (2012, 2013) ALT was lowest in the
Undisturbed Sphagnum plots (Fig. 3.2a, b). Removal of the Sphagnum mosses strongly increased
the ALT (24.0 ± 1.3 cm and 31.8 ± 1.0 cm in Undisturbed Sphagnum and Sphagnum Removal plots
respectively in 2012; 22.9 ± 2.0 cm and 35.2 ± 1.5 cm in 2013). However, also addition of Sphagnum
mosses increased the ALT (30. 7 ± 1.4 cm and 35.8 ± 4.0 cm in Undisturbed Sedge and Sphagnum
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Addition plots respectively in 2012; 29.0 ± 1.2 cm and 34.7 ± 1.4 cm in 2013). This is in agreement
with the measurements outside the experiment in which the ALT inside the isolated Sphagnum
patches within the sedge zone was significantly larger than the ALT outside these patches (39.5 ±
1.5 cm and 48.3 ± 2.5 cm outside and inside the isolated Sphagnum patches), suggesting that the
Sphagnum Addition treatment effect on ALT could not be solely attributed to manipulation artifacts.
WTP was the highest in the Undisturbed Sedge plots, both in 2012 and 2013, with water level
above the soil surface in 2012. The Undisturbed Sphagnum plots had the deepest WTP in 2013 (Fig.
3.2c, d). In the isolated Sphagnum patches, similarly, WTP values were much lower inside these
Sphagnum patches (-14.5 ± 1.2 cm) than outside the Sphagnum patches (7.9 ± 1.1 cm).

Fig. 3.2 ALT (active layer thickness, cm) during the growing season of 2012 (a) and 2013 (b); WTP
(water table position relative to moss/soil surface, cm) during the growing season of 2012 (c) and
2013 (d). Different letters (a, b, c) represent significant differences among the within-patch
positions.
The measured soil nutrient exchangeable concentrations (ammonia-nitrogen and phosphatephosphorus) were not significantly different among the four treatments. This was probably related
to large variability among the plots within the treatments. However, the mean exchangeable
nutrient concentrations tended to be higher in the plots without a Sphagnum carpet (Sphagnum
Removal and Undisturbed Sedge treatment).
The mean soil temperature at 15 cm depth measured from July 13 till August 31, 2013 showed
similar patterns among the four treatments. Sphagnum Removal and Sphagnum Addition plots had
the highest soil temperature over this period, while the other two plot types had lower mean
temperature across the period, but the differences between the treatments became smaller over
the measurement period (time: F = 238.6, p < 0.01; time × treatment: F = 13.9, p < 0.01, Fig. 3.A2).
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3.4.2 Biotic factors
Sedge tiller number was strongly reduced by the Sphagnum Addition treatment (number = 38 ± 4
in 2013 and number = 48 ± 15 in 2014) compared to their control plots (Undisturbed Sedge plots)
(number = 212 ± 31 in 2013 and number = 274 ± 36 in 2014), both in 2013 and 2014 (Fig. 3.3a).
The same effect of Sphagnum Addition was apparent for sedge aboveground biomass, which was
measured only in 2014 (Fig. 3.3b). Sphagnum removal did not change sedge tiller number
compared to the Undisturbed Sphagnum plots (Fig. 3.3a). However, sedge aboveground biomass
was significantly increased by the Sphagnum removal treatment (Fig. 3.3b). Neither sedge tiller
number, nor sedge aboveground biomass were correlated with soil exchangeable ammonianitrogen (number in 2013: r = 0.27, p = 0.27, n = 20; number in 2014: r = 0.23, p = 0.34, n = 20;
biomass: r = 0.06, p = 0.80, n = 20, Fig. 3.3c) or phosphate concentrations (number in 2013: r = 0.32,
p = 0.17, n = 20; number in 2014: r = 0.23, p = 0.33, n = 20; biomass: r = 0.25, p = 0.29, n = 20, Fig.
3.3d).
B. nana and Salix spp. seedlings were found in the summer of 2014. Almost all of them were
observed in the Sphagnum dominated plots (7 Salix spp. and 12 B. nana seedlings in Undisturbed
Sphagnum plots; 7 Salix spp. and 2 B. nana seedlings in Sphagnum Addition plots), while the other
plots without a Sphagnum carpet hardly had any shrub seedlings (only 2 Salix spp. seedlings were
found in one Sphagnum Removal plot, Fig. 3.A3). In addition, it was observed that deciduous shrub
plants (either B. nana or Salix spp.) were found in 8 out of the 11 investigated isolated Sphagnum
patches, while no deciduous shrub plants at all were found in the sedge-dominated plots outside
these patches.
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Fig. 3.3 Tiller number (a), sedge dry biomass (b), 𝑁𝐻4+ concentration (c) and 𝑃𝑂43− concentration
(d) of the four different plot types in 2014 of a different plot types (Addition (black), Sedge (dark
grey), Removal (medium grey) and Sphagnum (light grey) plots). Different letters (a, b, c) represent
significant differences among the within-patch positions.
3.4.3 CH4 and CO2 fluxes
The patterns of CO2 and CH4 fluxes were distinctively different. Measured CO2 fluxes were always
negative, reflecting a net uptake of CO2 by the vegetation, while CH4 fluxes were positive (Fig. 3.4),
indicating a net emission of CH4 to the atmosphere. In the Undisturbed Sedge, Sphagnum Removal
and Undisturbed Sphagnum plots, CO2 fluxes across the growing season decreased progressively,
while in Sphagnum Addition plots no such trend could be observed (Fig. 3.4).
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Fig. 3.4 The mean gas fluxes(A: CH4 flux; B: CO2 flux) of four different plots (Addition (black), Sedge
(dark grey), Removal (medium grey) and Sphagnum plots (light grey)) in July 8, 18, 26 and 29, 2014.
The error bars reflect the standard errors. Negative gas fluxes indicate net absorption/uptake,
whereas positive fluxes indicate net emission. The “a” and “b” letters represent different groups of
gas fluxes based on the RM-ANOVA and Post-hoc tests.
The two treatments with a Sphagnum carpet (Sphagnum Addition plots and Undisturbed
Sphagnum plots) had much lower CH4 emission rates than the two treatments without a Sphagnum
carpet (Undisturbed Sedge plots and Sphagnum removal plot, Fig. 3.4). The series of correlation
tests showed that CH4 emission rate was correlated with plot WTP on two dates of measurement
(r = 0.72, p < 0.01 at July 8; r = 0.49, p = 0.04 at July 29).
Sphagnum Addition plots had by far the lowest CO2 uptake (Fig. 3.4). There hardly were any
correlative relationships between CO2 uptake and either WTP or ALT. However, CO2 fluxes were
significantly correlated with sedge tiller numbers on all dates of measurement (r between -0.67
and -0.55, p ≤ 0.01).
3.5 Discussion
3.5.1 Sphagnum and its influence on abiotic factors
It proves that established Sphagnum carpets truly mitigate local permafrost thawing, while the
newly formed Sphagnum carpets hardly alleviate permafrost thawing during the growing season.
On the one hand, local soil temperature and active layer thickness obviously increased if
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undisturbed Sphagnum cover was removed, which reflected the soil cooling effect of Sphagnum
cover, as addressed by van Breemen (1995). Without the protection of Sphagnum carpet, soil
temperature is increasing obviously. On the other hand, permafrost thawing was not alleviated in
the Sphagnum Addition plots (Fig. 3.2), indicating that newly formed Sphagnum cover did not show
cooling capacity. In the naturally formed 11 isolated Sphagnum patches we investigated, the ALT
of these patches were also obviously larger than the nearby sedge dominated plots (Fig. 3.A1). It
is likely that the ice accumulation under Sphagnum mosses is a time consuming process, which
explains why the newly formed Sphagnum patches still had thick active layer during the growing
season.
3.5.2 Sphagnum and greenhouse gas fluxes
We found in this study that Sphagnum carpets largely influenced the CH4 gas emission, probably
by creating thicker aerobic moss layers. Sphagnum mosses pronouncedly decreased the July CH4
emission, both in the newly formed Sphagnum carpets (compared to Undisturbed Sedge plots) and
in existing Undisturbed Sphagnum carpets (compared to Sphagnum Removal plots). It is likely that
the plots with Sphagnum cover (Undisturbed Sphagnum plots and Sphagnum Addition plots) have
thicker aerobic moss layers, in which methane is oxidized. Unsaturated Sphagnum carpets are
perfect for survival of endophytic CH4-oxidizing bacteria (Kip et al. 2010; Raghoebarsing et al. 2005).
These microorganisms can live inside and in-between the cells of Sphagnum mosses. After CH4 gas
produced in deeper anaerobic soil is oxidized to CO2 by the bacteria, the transformed CO2 gas can
be consumed by Sphagnum mosses for photosynthesis (Raghoebarsing et al. 2005).
Soil temperature and active layer thickness were not positively correlated with methane fluxes in
the Sphagnum Addition plots. The Sphagnum Addition plots with new Sphagnum carpets had both
higher summer soil temperatures and thicker active layers, compared with the control plots
(Undisturbed Sedge plots), still methane emission rates in the Sphagnum addition treatment were
only 10-30% of those in the Undisturbed sedge plots. Moreover, the measured methane fluxes
were not significantly related to the sedge density (r between 0.11 and 0.35, p from 0.13 to 0.65,
n = 20) as well. The lack of a seasonal development in CH4 fluxes, which is apparent in the CO2
fluxes, also indicates that the development of sedges during the growing season did not much
influence the methane flux. Accordingly, the sedge density appeared not an influential factor that
controls local gas emission.
Oppositely, it was clear that Eriophorum sedge density was pivotal to CO2 absorption given its
constantly high negative correlation with CO2 flux across the growing season. Compared with
Sphagnum mosses, the photosynthetic capability of Eriophorum sedges is much higher. Sonesson
et al (1980) stated that the photosynthetic rates of the bryophytes such as Sphagnum mosses is
merely one tenth to one fifth of the rates of vascular plants. Still net carbon uptake in Sphagnum
carpets takes place, probably because of the low soil respiration rates related to the extremely low
decomposition rates of Sphagnum litter. In this study, the number of sedge tillers largely
determined the rate of CO2 absorption. We also observed progressive increments of CO2
absorption rates in all treatments except for the Sphagnum Addition treatment which had the
lowest sedge tiller density. During the period of July 8 to July 29, the leaf biomass accumulation of
sedges was probably fast, and the total amount of chlorophyll is probably at the peak at the end of
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July. Therefore, the increasing CO2 absorption rate over the growing season is likely caused by the
development of sedge leaves (Peichl et al. 2015).
3.5.3 Sphagnum as suppressor of sedge growth
This study suggests that Sphagnum mosses limit local sedge growth, but it could not be shown that
the sedge growth reduction was because of restricted local nutrient availability.
Sedge biomass was much higher in the plots without Sphagnum carpets than with Sphagnum
carpets. It corresponds with the situation in the isolated Sphagnum patches of this area (Fig. 3.A1).
Van Breemen et al. (1995) argued that Sphagnum mosses can largely suppress the growth of sedges
by creating a nutrient poor soil condition, since Sphagnum not only efficiently intercepts the
nutrient from water (Svensson 1995) and atmosphere (Heijmans et al. 2002b; Malmer et al. 1994),
but also slows down the decomposition of both Sphagnum moss litter and Eriophorum sedge litter
(Hájek et al. 2011). In Sphagnum-dominated bogs, poor N and P supply is often the key factor that
hampers the aboveground productivity of vascular plants in peat bogs (Hayati and Proctor 1991;
Heijmans et al. 2002a; Limpens et al. 2003). Nevertheless, in this study Sphagnum carpets did not
significantly decrease local soil nutrient availabilities (Fig. 3.3c and d). Therefore, the mechanism
that Sphagnum mosses suppress sedge growth is still unclear.
3.5.4 Sphagnum as facilitator of B. nana shrub establishment
Sphagnum mosses, furthermore, appeared a suitable substrate for deciduous shrub germination
in this study, as we observed B. nana and Salix seedlings almost exclusively in plots with a
Sphagnum surface (Fig. 3.A3). Our observations of seedlings proved that seed germination of B.
nana existed in both fully established Sphagnum covers (Undisturbed Sphagnum plots) and newly
formed Sphagnum carpets (Sphagnum Addition plots). In Sphagnum Addition plots, the B. nana
seedlings were observed in the third growing season since the initiation of the experiment,
referring to a fast invasive attempt of B. nana shrubs. Furthermore, outside the experiment, in the
11 isolated Sphagnum plots we investigated, more than half of them had deciduous shrubs (B.
nana and Salix spp. ramets). Since these Sphagnum patches were far away from any deciduous
shrub patches, the individuals we found inside these patches were very likely from seed
germinations.
The Sphagnum mosses probably created the moist but unsaturated substrate that is needed for
shrub seedlings and seedling establishment (Oberbauer and Miller 1982). Small seeds with little
carbohydrate reserves can hardly produce deep roots to reach soil water in a drying environment
with extremely short growing seasons (Billings and Mooney 1968). The mean weights of B. nana
seeds are merely between 0.1 mg and 0.3 mg (Groot et al. 1997), which means that the seeds
require proper moist conditions for germination. Unlike B. nana dominated patches and sedge
dominated depressions, the areas in-between occupied by Sphagnum mosses have high soil
moisture but are not fully water-saturated. Similarly, the isolated Sphagnum patches of our study
also had an obvious unsaturated layer between water table and Sphagnum surface, while the
adjacent sedge dominated area usually had standing water. Although studies focusing on B. nana
germinations in Sphagnum cover are rare, many researches on conifer seed germinations in
Sphagnum dominated bogs showed high germination rates of woody plants. The study of
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Gunnarsson and Rydin (1998) in a Swedish bog showed that more than 75% of conifer seeds
germinated in Sphagnum carpets, compared to < 5% germination rate in boreal forests (Zackrisson
et al. 1997). It was also found that over 90% of established trees originally germinated in Sphagnum
carpets (Ohlson et al. 2001). Accordingly, it is reasonable to suggest that Sphagnum carpets in
moist tundra are ideal locations for seed germinations of B. nana.
It is still far from clear whether the establishment of full-grown B. nana shrubs will occur in current
Sphagnum dominated areas in the future (Peichl et al. 2015). Sphagnum mosses in northern
ecosystems can easily bog down vascular plant seedlings (Gunnarsson and Rydin 1998; Ohlson et
al. 2001; van Breemen 1995). Thus, the mortality of seedlings sometimes reaches 100% in peat
bogs (Gunnarsson and Rydin 1998; Ohlson 1999). In our experiment, the height increment of
Sphagnum was small (7.6 ± 0.8 mm in Sphagnum plots and 15.0 ± 1.5 mm in Addition plots in 3
years) and many adult B. nana shrubs can be found on Sphagnum carpets in our research site.
Therefore, the probability that B. nana seedlings will be overgrown by Sphagnum mosses in Arctic
tundra seems relatively low.
3.6 Conclusion
As an environment engineer species, Sphagnum is known to play an important role in both the
vegetation dynamics and local abiotic environment in boreal peatlands. At our study site in the
Arctic tundra of northeast Siberia, the presence of Sphagnum mosses not only largely suppressed
the growth of sedges, but probably facilitated the expansion of shrub dominated territories as well.
Our study further suggests that Sphagnum mosses decrease CH4 emission by creating thicker
unsaturated moss layer and may restrict the local CO2 absorption by limiting sedge growth. Further
investigations are needed to quantify the possible shrub establishment on Sphagnum carpets to
clarify the role of Sphagnum in shrub expansion in moist lowland tundra.
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3.8 Appendices

Fig. 3.A1 The Active layer thickness (a), Water table position relative to the moss/soil surface (b)
Sedge tiller number (c), and Deciduous shrub number (d) in the 50 cm × 50 cm plots inside and
outside the 11 isolated Sphagnum moss patches
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Fig. 3. A2 Daily mean soil temperature at 15 cm depth of four different plot types (Sphagnum
Addition (Addition), Undisturbed Sedge (Sedge), Sphagnum Removal (Removal), Undisturbed
Sphagnum (Sphagnum)) averaged over 5 replicate plots. The “a” and “b” letters represent different
groups of soil temperature during this period based on the RM-ANOVA and Post-hoc tests.
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Fig. 3.A3 Seedling numbers of vascular plant seedlings (excluding sedges) in the different plot types
(Sphagnum Addition (Addition), Undisturbed Sedge (Sedge), Sphagnum Removal (Removal) and
Undisturbed Sphagnum (Sphagnum)).
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Fig. 3.A4 The deciduous shrub seedlings Betula nana (left) and Salix spp. (right) inside one of the
Sphagnum Addition plots. The photos were taken at the end of July, 2014.
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Chapter 4: Sexual reproduction and establishment of Betula nana at a
Northeastern Siberian tundra site
Bingxi Li, Philippine Vergeer, Monique Heijmans, Ute Sass-Klaassen, Juul Limpens, Niels Wagemaker,
Trofim Maximov, Frank Berendse
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4.1 Abstract
Climate-driven shrub expansion has been widely observed and studied in the Arctic tundra, but
only a few studies focused on the reproduction and establishment of the shrubs in this ecosystem.
In this study, we explored how the widespread Arctic deciduous shrub species Betula nana
reproduces and forms communities at a Siberian lowland tundra site, using molecular tools
(microsatellites) and dendrochronological methods. The dendrochronology work did not support
the assumption that the B. nana ramets vegetatively spread from center to edge within B. nana
dominated patches, suggesting that vegetative reproduction is restricted. The results of the
microsatellite analyses suggest that, instead, sexual reproduction of B. nana by seeds is prevalent
in the study area. Moreover, gene flow of B. nana is not hampered by short geographic distances,
implying that B. nana seeds can be easily transported to potential suitable substrates for
germination, but low summer precipitation may limit seedling establishment. Warming of the
Arctic tundra probably increases the sexual reproduction rate of B. nana, but may also lead to
increased mortality due to more frequent local permafrost collapse. Accordingly, the question
remains as to whether continuous warming will result in significant shrub expansion in lowland
Arctic tundra landscapes that are vulnerable to thermokarst development.
Key words: Arctic lowland tundra, Betula nana L., sexual reproduction, microsatellite,
dendrochronology, shrub expansion
4.2 Introduction
Rapid climatic warming in the past 50 years (IPCC, 2013) has induced vegetation changes in the
Arctic tundra (Williams et al., 2000), and shrub expansion is one of the most noticeable phenomena.
This observation is mainly based on repeat aerial photography (Tape et al., 2006; Hudson and Henry,
2009; Osterkamp et al., 2009) but also supported by trends observed with satellite imagery (Goetz
et al., 2005; Bunn and Goetz, 2006). Such assessments are primarily from Alaska (Stow et al., 2004;
Tape et al., 2006; Osterkamp et al., 2009) and Canada (Hudson et al., 2011; Myers-Smith et al.,
2011), but also from northern Siberia (Frost and Epstein, 2014). Paleoecological records by
Brubaker et al. (1995) showed that warmer climate along with shrub expansion has probably been
a recurrent phenomenon in the Arctic tundra. Multi-year field experiments (Shaver et al., 2001;
Tape et al., 2006; Bret-Harte et al., 2008; Myers-Smith et al., 2011) also suggested that especially
deciduous shrub species, like dwarf birch Betula nana L., gained more aboveground biomass and
became more dominant in the Arctic tundra under warmer conditions with higher nutrient
availability.
The observed contemporary rapid shrub expansion in the Arctic tundra can be the result of 1)
enlargement of existing shrub individuals, 2) lateral clonal expansion of existing shrub communities,
and/or 3) enhanced sexual recruitment of new shrub seedlings (Myers-Smith et al., 2011). It is
widely agreed that vegetative reproduction, i.e. lateral clonal expansion, instead of sexual
recruitment is predominant in the Arctic tundra (Billings, 1987), mainly because short and
unpredictable growing seasons are often detrimental to seed production and seed quality (Bliss,
1971). High levels of soil disturbance from erosion and cryoturbation can moreover make seedling
establishment highly perilous (Bliss, 1971; Callaghan and Collins, 1976; Jónsdóttir et al., 1996).
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While a few recent researches using genetic tools on the perennial plants of the Arctic tundra
questioned this statement (Steltzer et al., 2008; Douhovnikoff et al., 2010), genetic studies on
Arctic shrub reproduction are still sparse. More concrete supportive information therefore is
needed to determine the rate of sexual versus clonal reproduction and driving factors behind both
reproduction modes.
Potential shifts from vegetative reproduction to sexual recruitment may accelerate shrub cover
expansion (Myers-Smith et al., 2011). Vegetative reproduction enables the shrub to expand via
gradual belowground extension. Sexual reproduction by seeds however enables shrubs to colonize
new areas beyond the existing shrub communities. In case of the wind-dispersing deciduous shrub
species birch and willow, seeds can easily be transported over a long distance. Yet, the links
between the reproduction mode and the shrub expansion process have been poorly studied, even
though this is important to better understand and predict the vegetation shifts in the warming
Arctic tundra.
Accordingly, we tried to unravel the reproduction mode of the B. nana shrub at a lowland tundra
site in Northeastern Siberia. In a drained thaw lake basin at this site, B. nana is dominant on slightly
elevated permafrost mounds (Siewert et al. 2015). These B. nana dominated patches provide a
good opportunity to explore how B. nana dominated shrub communities developed and
established. More specifically, we 1) assessed genetic variation within and between shrub
communities dominated by B. nana using microsatellites to explore the predominant reproduction
mode (i.e., vegetative reproduction or sexual recruitment) 2) determined age patterns within shrub
patches using dendrochronology (age determination by counting shrub rings), to explore how
these B. nana patches expanded. We proposed vegetative reproduction to be the predominant
mode of shrub patch expansion. Consequently we expected low levels of genetic variation within
shrub patches, some genetic differentiation between patches and a clear age pattern with oldest
B. nana ramets located in the center of the patches and the youngest ramets found along the
margins of each shrub patch.
4.3 Material and methods
4.3.1 Site description
The study area is situated in the Kytalyk Nature Reserve (70˚49 ̉N, 147˚28 ̉E), approximately 30 km
northwest of the town of Chokurdakh, Yakutia, Russian Federation (Fig. 4.1). The research site is
located in the lowlands of the Indigirka River in Northeastern Siberia. This region is characterized
by thick continuous permafrost with a shallow active layer (maximum less than 50cm) – soil that
thaws each summer. Our study area was a drained thermokarst lake bed and an adjacent
Pleistocene remnant area called “ridge”, which is approximately 20-30 m higher than the lake bed
(van der Molen et al., 2007).
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Fig. 4.1 The mosaic-like Betula nana patches at a Northeastern Siberian tundra site (near Kytalyk
research station, Sakha republic, Russian Federation, 70˚49 ̉N, 147˚28 ̉E). The dark green patches
are dominated by B. nana shrubs, and the areas with light green or yellow are mainly occupied by
Eriophorum spp. sedges and Sphagnum mosses.
The vegetation of the research area is classified as a moist tussock sedge dwarf-shrub moss tundra
(G4; the Circumpolar Arctic Vegetation Map, Walker et al., 2005). The vegetation includes
deciduous shrub species such as dwarf birch B. nana, and dwarf willow Salix pulchra Cham.,
evergreen shrubs like Vaccinium vitis-idaea L., Rhododendron subarticum Harmaja, Eriophorum
graminoids and Sphagnum mosses. In the lake bed, B. nana is dominant on relatively dry and
slightly elevated areas. These shrub patches are surrounded by a diffuse drainage network of wet
depressions dominated by the sedge species Eriophorum angustifolium Honck. (Fig. 4.1). On the
adjacent ridge, the vegetation is more mixed: B. nana co-occurs with E. vaginatum L., V. vitis-idaea
and R. subarticum (Blok et al., 2010). The ridge is approximately 20-30 m higher than the lake bed
surface (Wang et al., 2016). B. nana shrubs cover approximately 20% of the land territory in this
region (Blok et al., 2011).
The meteorological data from 1945 to 2015 was available from the closest meteorological station
in the town Chokurdakh, 30 km south of the site (http://climexp.knmi.nl/). The mean annual
temperature is around -13.4 ºC (1981-2010) with an average temperature of -34.0 ºC in January
and of 10.3 ºC in July (Nauta et al., 2015). The growing season is defined as the snow free period
and lasts from early June to the end of August.
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4.3.2 Leaf sampling and microsatellite analysis
Leaf sampling strategy
In 2013, leaf samples for genetic analyses were collected along a 700 m long transect from the
elevated ridge into the lake bed (Fig 4.2). Focal sample locations were selected at regular intervals
(at least 50 m) along the transect. At each sample location a pair of B. nana patches was selected,
with an average distance of c. 5 m between the 2 individual patches. The radius of the patches was
on average 10 m. Within each patch, three transects (from center to patch edge) located at an
angle of 120 degrees were established. Along each transect, 5 evenly distributed within-patch
positions were selected, and 3-4 leaves from the same B. nana stem were collected at each withinpatch position. In total 7 pairs of patches were selected along the ridge-lakebed transect (1 pair on
the ridge and 6 pairs in the lake bed). On the ridge B. nana shrubs do not form distinct shrub
patches. We therefore selected two 10 m radius area (around 50 m away from each other, patch
G1 and patch G2) where we mimicked the sampling strategy used in the lake bed. In addition, 10
B. nana leaf samples were collected at the Kodak Station (70.56 ºN, 148.26 ºE) c. 42 km south of
our focal study area (Liang et al., 2014) in the summer of 2014. Hereby, 10 samples were collected
at 10 m intervals to minimize the chance of collecting vegetative ramets (patch H). Overall, this
sampling design resulted in 220 B. nana plants in total. We treated the 15 patches/locations as 15
distinctive populations (A1, A2, B1, B2, C1, C2, D1, D2, E1, E2, F1, F2, G1 and G2 at our focal site
and H in Kodak station).
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Fig. 4.2 Map of the sampling locations at the focal Kytalyk research site. Green spots indicate the
10 patches (Loc1 to Loc5: Betula nana patches with a pond at the center; Loc 6 to Loc 10: B. nana
patches without pond) where ramet samples for the dendrochronology study were collected in late
July 2013; Red spots indicate the 14 patches where the leave samples for the microsatellite study
were collected in July 2014 (A1, A2, B1, B2, C1, C2, D1, D2, E1, E2, F1, F2 were in the former lake
bed, while G1 and G2 were at the Pleistocene ridge). In each patch, there were three transects (N,
R and L; depicted in the square inset) with 5 spots per transect for sampling for the microsatellite
study (depicted in the circular inset), and 3 spots per transect for the dendrochronology study)
From each plant, 3 to 5 fresh leaves were collected and immediately stored using silica gel granules.
The samples were kept at room temperature until arrival in the lab where they were stored at -20
ºC.
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DNA extraction and microsatellite analysis
First, the leaf material was crushed in liquid nitrogen using a Retch M400 grinding mill. Total DNA
was then extracted using a PowerPlant® Pro DNA Isolation Kit (Mobio, 13400-50) based on the
manufacturer’s protocol. Samples were genotyped using six nuclear polymorphic microsatellite
loci originally designed for Betula pendula (e.g., L1.10, L2.7, L13.1, L5.4, Lo21; see Table 4.1), after
(Kulju et al., 2004) and Betula pubescens ssp. Tortuosa (e.g., Bo. G182, see Table 4.1, after (Truong
et al., 2005).
Table 1 Primer sequences and characteristics of the six microsatellite loci isolated from Betula nana,
including locus name and GeneBank accession number (GenBank ref.), size of the sequenced allele
(Size), motif in clonal allele (Repeat), PCR annealing temperature (Ta, °C), and MgCl2(mM)

The PCR reactions were modified after (Kulju et al., 2004). The PCR reaction mixture (25 µL in total)
contained 2 µL diluted DNA (5 ng/µL), 2.5 µL 10X PCR buffer, 0.5 µL MgCl2 (50mM), 1 µL BIOTAQ
DNA polymerase (Bioline, BIO-21060), 0.5 µL Fluorescently labelled (Beckman, D2/D3/D4-PA)
Forward primer (10µM, Sigma genosys, UK), 0.5 µL Reverse primer (10µM, Biolegio, NL), 1 µL
dNTP’s (Fisher scientific, NL) and 17.5 µL RNase-free water. PCR reactions were performed using
the TProfessional thermocycler (Biometra). Shortly, the initial denaturation was 2 min at 94 °C,
followed by 30-40 cycles (34 cycles for L1.10 and L13.1, 38 cycles for L2.7 and Bo. G182, 30 cycles
for L5.4, and 40 cycles for Lo21) at 95 °C for 30 s, annealing at 62 °C for 30 s (L 5.4: 61 °C, L021:
56 °C ), elongation at 72 °C for 35 s and a final elongation at 72 °C for 2 min. Amplification products
were visualized on a Beckman CEQ 8000 capillary sequencer using 1 µL of PCR product and 27 µL
Hidi formamide (Thermo Fischer scientific) and 0.35 µL DNA size standard kit 600 (Sciex). Bands
were scored manually using Genemarker 1.95 (Softgenetics).
Micro-Checker software (version 2.2.3) was used to find potential genotyping errors such as
microsatellite null alleles, stuttering and allele dropouts (Oosterhout et al., 2004). The result of the
test suggested that the microsatellite Bo. G182 was probably a null allele, and thus that this microsatellite might not efficiently reflect the genetic differentiation among samples. Accordingly, only
data of the remaining 5 micro-satellites was used for the following analyses.
At last, vegetative ramets of different age classes belonging to 8 different clonal lineages were
sampled to test the rate of somatic mutations. No genetic variation was observed between
different ramets within a clonal lineage, assuming a low somatic mutation rate.
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Clonal identification and genetic diversity analysis
Genetic diversity was estimated by the number of genotypes detected (G), proportion of
distinguishable genotypes (PD = G/N) and Simpson’s index of genotypic diversity (D = 1-∑ 𝑃𝑖2, Pi
stands for the frequency of each allele for popluation, Ellstrand and Roose, 1987). A distinct
multilocus genotype was considered a distinct genotype, while individuals with identical multilocus
genotypes were identified as the same genotype (i.e., belonging to the clonal lineage). Moreover,
estimates of genetic diversity of each population were obtained using GenAlex (version 6.5, Peakall
and Smouse, 2012): mean number of alleles per locus (A), mean number of effective alleles per
locus (Ae = 1/∑ 𝑝𝑖2), Shannon’s diversity index (H = -1× (pi × Ln (pi)), observed heterozygosity (Ho)
and Nei’s unbiased expected heterozygosity (He =1-∑ 𝑝𝑖2). At last, pairwise’s Fst values between
different patches were calculated and plotted against geographic distance to test for genetic-bydistance isolation. The geographic distances were based on GPS coordinates taken in the fields.
The correlation among these distances was tested by Pearson’s tests in SPSS software (IBM SPSS
Statistics for Windows, ver. 22.0; IBM Corp., Armonk, NY, USA). Finally, the analysis of molecular
variance (AMOVA) framework (Meirmans, 2006) was used to calculate the genetic variation
between and within patches.
4.3.3 Dendrochronological study on the age distribution of the B. nana patches
Stem sampling strategy
In late July 2012, 10 B. nana dominated shrub patches were selected in the former lake bed (Fig.
4.2). Five of these patches have ponds, which is presumably caused by local abrupt permafrost
thaw. These two types of patches might have different histories of establishment and expansion.
The history of these established B. nana shrubs is yet unknown, even though a few
dendrochronological studies showed that that most of the living B. nana ramets (clonal individual)
are no older than 60 years (Blok et al., 2011; Li et al., 2016). The mean area of the studied shrub
patches is 412 ± 283 m2. Inside each patch, we set up three sub-transects from patch center to
patch margin (Fig. 4.2). Along each transect sampling was conducted at three evenly distributed
within-patch positions, i.e.Inner, Middle and Outer part, Fig. 4.2) with at least 50 cm distance
between locations. At each location one B. nana ramet was randomly collected by excavating the
ramet including root parts. In total 90 ramets (9 per patch) were collected for dendrochronological
analyses.
From each ramet we obtained three, approximately 2-cm long stem sections: 1) from the shootroot transition zone (located below soil surface), 2) the stem part located at the soil surface, and
3) the stem part just below the first branch (approximately 5 cm above the soil surface). The
samples were preserved in an alcohol-glycerin mixture to prevent infection by fungi.
The soil abiotic conditions were assessed by measuring relative surface elevation, actual thawing
depth and soil moisture content. The surface elevation and volumetric soil moisture content of
each sampling location was measured in late July 2012 by using an optical levelling instrument
(Kompensator-Nivellier NI 025, Jena, Germany) and a theta soil moisture probe (Delta-T Device,
UK). At each patch, the elevation of the highest sampling position was considered as the 0 m
reference.
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Shrub-ring measurement and crossdating
The age of the ramet was determined by following the serial-sectioning approach (Gärtner et al.,
2014) which implies detecting and measuring the shrub rings in the three stem sections taken
along the ramet and cross-dating of the resulting ring-width series to verify correct ring detection
and age determination. First, transversal thin sections (c. 20 µm thick) were prepared from the
three stem samples per ramet by using a GSL1 microtome (Gärtner et al., 2014). We used astra
blue/safranin mixture to stain these thin sections to enhance color contrast between lignified and
undignified wood tissues. After dehydration, the thin sections were fastened on glass slides.
Shrub-ring detection and measurement was done from the micro-thin sections under a Leica MS5
microscope coupled to a LINTAB tree ring measurement device with the software WinTSAP
(RINNETCH, Heidelberg, Germany). Per stem sample we measured ring width with a resolution of
0.01 mm along four radii as ring formation around the stem was eccentric as a consequence of the
occurrence of (partially) missing rings; a common phenomenon in Arctic shrubs (Myers-Smith et
al., 2015). The resulting shrub-ring series were subsequently visually and statistically (program
WinTSAP, t-test, Pearson corr.) compared, i.e. crossdated, within and between stem disks. After
successful crossdating, mean ring-width series were calculated for each stem disk and each ramet.
The mean series for the 90 ramets where then crossdated (program COFECHA, Holmes, 1983) to
verify consistency in ring-width patterns which allows for correct age determination.
Shrub-age distribution within patches and micro-topography
From the crossdated ring-width series, the year of establishment and hence the age of the 90
ramets can be determined, which provides a general idea on the time of establishment of the 10
shrub patches. The age distribution of the nine shrubs within a patch was moreover used to
reconstruct patterns in patch expansion across time. Based on the age of the shrubs along the 30
transects in the 10 analyzed shrub patches it was tested whether the ramet ages followed the
assumption that the oldest ramets were located at the patch center while the ramets at the middle
and outer positions were consecutively younger. As we assumed that the two patch types
(with/without ponds) might have different histories of establishment, we analyzed the age patterns
of these two patch types by using a linear mixed model including within-patch position, patch type
(with or without pond) and the interaction of these two factors as fixed factors, and patch code as
random factor in the analysis. In addition to ramet age, we also tested for significant differences in
soil moisture, relative elevation and active layer thickness (ALT) by using the same linear mixed
model setup. All tests were ran using SPSS (IBM SPSS Statistics for Windows, ver. 22.0; IBM Corp.,
Armonk, NY, USA).
4.4 Results
4.4.1 Genetic diversity and geographic structuring of genetic variation
Only 2 out of 220 samples from all the 15 patches were identified as belonging to the same clonal
lineage at the two study sites by the molecular analysis (Kytalyk site and Kodak site, patch A1: N =
15, G = 14, PD = 0.93, D = 0.98, Table 4.2). The two genetically identical ramets were neighboring
plants and only around 2 m apart. In addition, relatively high levels of heterozygosity were
observed (Table 2) with levels for observed heterozygosity (Ho) and expected heterozygosity (He)
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higher than 0.7.
Table 4.2 Genotypic diversity with different based on microsatellite data of Betula nana collected
in Kytalyk station (A1 to G2), and Kodak station (42km away from Kytalyk station) in northeast
Siberian tundra

N = sample size per population, G = number of multilocus genotypes, PD = ratio of distinguishable
ramets (G/N), D = Simpson’s index of genotypic diversity corrected for finite same size, A = mean
number of alleles per locus. Ae = mean number of effective alleles (1/∑ 𝑝𝑖2 ), H = Shannon’s diversity
index (-1× (pi × Ln (pi))), Ho = observed heterozygosity and He = expected heterozygosity (1-∑ 𝑝𝑖2).
The pi stands for the frequency of each allele for the population.
The correlation between pair-wise genetic (Fst values) and geographic distance (km) was significant
(F = 0.881, p < 0.001, Fig. 4.3a) when both the populations of the Kytalyk station and that of the
Kodak station were included. However when only patches of the Kytalyk site were included no
significant isolation-by-distance was observed (F = 0.070, p = 0.513, Fig. 4.3b). This suggests that
the B. nana population at the Kodak station differed significantly from the populations in the focal
site
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Fig. 4.3 Relationships between pairwise genetic (Fst) value and geographic distance (m) for (a) all
15 patches, consisting of 14 populations (A1, A2, B1, B2, C1, C2, D1, D2, E1, E2, F1, F2, G1, G2 from
Kytalyk station (KYT), and 1 population H from Kodak station (KDK) 42 km away from Kytalyk
station), and (b) only the 14 populations from Kytalyk station(KYT).
Only a small proportion of the genetic variation could be explained by the between and within
patch structures; among patch and within patch constituted respectively 2% and 12% of the total
genetic variation (AMOVA, Table 4.3). The mean Fis and Fit values were 0.180 and 0.189 respectively
indicating only minor deficiencies of heterozygotes with patches. A low fixation index (Fst = 0.012)
was found, indicating that patches were genetically not differentiated and suggesting high levels
of gene flow.
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Table 4.3 Results of the Analysis of molecular variance (AMOVA) for the microsatellite DNA variance.
A population stands for the samples from a single patch. Only the samples from the Kytalyk site
were used in the tests.

df = degrees of freedom; SS = sum of squared deviation; MS = Mean Squares; Est. Var. = estimated
variance.
4.4.2 Age patterns and micro-topography
The age of the 90 ramets sampled for dendrochronology was 36±14 yrs. Only 6 ramets were
younger than 20 yrs, and 5 ramets were older than 60 yrs. Within-patch position and patch type
did not significantly affect the age of B. nana (within-patch position: F = 0.560, p = 0.574, patch
type: F = 0.039, p = 0.845, with-patch position × patch type: F = 1.101, p = 0.337). Only 2 out of the
30 within-patch transects showed the age pattern of oldest in the inner and youngest in the outer
position.
While the ages of the B. nana samples were rather homogenous at the different within-patch
positions of both patch types (Fig. 4.4a), the abiotic factors in the two different patch types showed
distinctive patterns. Although thawing depth was not dependent on within-patch position or patch
type (Fig. 4.4a), relative surface elevation and soil moisture did differ among the within-patch
positions and/or patch type (Fig. 4.4c,d). Volumetric soil moisture was significantly higher at the
inner position of the patches with pond, which had the lowest elevation as well. Meanwhile, the
relative elevations at the outer positions of both plot types were significantly lower than those of
the mid positions.
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Fig. 4.4 Age of the B. nana ramets (a), active layer thickness (ALT, b), relative surface elevation (c)
and volumetric soil moisture content at 5 cm depth (d) of the different within-patch positions (inner,
middle and outer) along the sub-transects in two different patch types (with ponds and without
ponds). Different letters (a, b, c) represent significant differences among the within-patch positions.
Data were mean values ± s.e.m.
4.5 Discussion
4.5.1 Frequent sexual reproduction of B. nana shrubs
Our results challenge the prevailing but seldom tested consensus that sexual reproduction of
perennial plants such as B. nana shrub is poor in the Arctic tundra (Billings and Mooney, 1968; Bliss,
1971; Callaghan and Collins, 1976; Bell and Bliss, 1980; Moulton and Gough, 2015). This study
provided little evidence for dominance of vegetative recruitment of B. nana in the lowland tundra.
Instead, the high genetic diversity of B. nana suggests sexual reproduction as a prevailing
mechanism of reproduction of B. nana, which is in line with the findings of Douhovnikoff et al.
(2012) on Salix spp. shrubs in Alaskan tundra. While high genotypic variance can also be found in
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predominantly clonal populations (Ellstrand and Roose, 1987), due to sprouting of young B. nana
ramets from centuries-old root remnants (Groot et al., 1997), our findings suggest that a different
scenario is at work in the plants that we sampled. The dendrochronology showed that most of the
B. nana ramet samples in this study were young and between 20-40 yrs old, which is in line with
Blok et al. (2011) who showed a similar age distribution of B. nana ramets at the same site.
Nevertheless, this result does not mean that the vegetative reproduction of B. nana is rare at the
study site. Horizontal belowground roots/stems of B. nana shrubs form a spider-net like layer
covering every B. nana dominated patch (Appendices 1, Li., personal observations), implying
widespread clonal reproduction of B. nana. The contradiction between the field observation and
the results of the microsatellite analysis is probably explained by the feature of the vegetative
production of B. nana. As the mean distance between the neighboring spots for the sampling of
the microsatellite study within each patch is around 2 m, we therefore suggest that most of the B.
nana ramets reproduced through prostrate roots/stems are less than 2 m away from their parent
plants.
Furthermore, the lack of genetic differentiation between different patches within Kytalyk site in
combination with relatively high levels of genetic variation suggest high levels of gene flow
between the patches in a small landscape scale (maximum distances between two patches are 500
m). B. nana shrubs produce large amounts of wind-dispersed pollens and seeds (Groot et al., 1997),
genetic exchange within the focal study area (Kytalyk site) may therefore not come unexpected,
providing ample favorable conditions for germination and establishment. A seed bank study on B.
nana in an Arctic tundra by Molau and Larsson (2000) revealed that B. nana seeds in the Arctic
tundra were sometimes transported to sites that were at least a few hundreds of meters apart.
This finding also implied sexual reproduction of B. nana in Arctic tundra regions. Distinctive genetic
differentiation was however found at larger geographic distances, between the B. nana
populations from Kytalyk site and the population from Kodak site around 40 km away (Fig. 4.4a),
indicating limited gene flow over larger distances. We therefore deduce that pollen and/or seeds
are transported freely among different populations at relatively small geographic scales.
Accordingly, contrary to expectation, sexual reproduction of B. nana shrubs at research site is
prevalent, while the clonal recruitment is mainly limited to a small range around the parent plant.
4.5.2 Establishment and expansion of the B. nana patches in a lowland tundra
We found no evidence supporting the hypothesis that B. nana patches at the focal site had
progressively enlarged from the patch center to the surrounding areas by clonal recruitment over
time. The result of the dendrochronological analysis did not show any obvious age gradients from
the patch center to the edge. Moreover, we found that ages of the B. nana within-patch positions
were not significantly different, implying that these B. nana patches had not experienced a simple
radial expansion as we assumed. Sexual reproduction is thought to be an important mechanism
for the establishment and expansion of B. nana in the study site.
Successful sexual reproduction of the B. nana largely depends on the climate condition. Harsh
abiotic stress such as short growing season with cold temperature often inhibits the sexual
reproduction of the deciduous shrubs in the Arctic tundra. However, our focal site is located in
Subzone 4, according to the classification of Arctic tundra by Walker (2000), which is the warmest
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part of the Arctic Tundra Zone with mean July temperatures of 9-12 °C. The mean July temperature
(10 °C between 1981-2010) at the study site is 4-5 °C higher than the mean July temperature of
the northernmost bioclimatic zone where B. nana occurs. (Alsos et al., 2007), which is assumed to
be suitable for seed production (Groot et al., 1997). Thus, summer temperature is probably not a
critical barrier hampering the sexual reproduction of B. nana, in spite of its large year-to-year
fluctuation (Chapter 5).
Apart from seed production, the survival rate of the B. nana seedlings is also critical. Drought in
summer is considered as the most important factor resulting in high mortality of shrub seedlings
in the Arctic tundra (Gartner et al., 1983). Like the summer temperature, summer precipitation at
the study site varies dramatically over years, which might strongly affect the survival of the B. nana
seedlings. In the study by Li et al. (2016) on the same dendrochronological samples, the temporal
distribution of the B. nana ramets was significantly related to summer precipitation, and most
ramets established in the periods with high summer precipitation around 1970 and in the 1980s.
It is therefore likely that the success of the sexual reproduction largely depends on the amount of
summer precipitation.
Following the above, we predict that limitation for sexual reproduction will be further relieved
under future climatic conditions. Indeed future climate change scenarios predict rising
temperature and increased summer precipitation in the Arctic tundra, which may lead to enhanced
expansion of B. nana via sexual reproduction. Whereas climate conditions are critical to the sexual
reproduction of the B. nana shrubs, we did not find any significant connection between microtopographic and the age distribution of the B. nana shrubs. One factor that needs consideration is
the ponds inside some B. nana patches, which are probably caused by abrupt small scale
permafrost collapse. Inside the subsided pond, the soil moisture is significantly higher compared
to other locations within the same patch. Although dead plants were rare in the selected patches,
mortality of B. nana plants has been observed in many pond areas resulting from soil subsidence
due to local thawing of ice-rich permafrost, since B. nana cannot tolerate waterlogged
environments. The study by Jorgenson et al. (2015) claimed that with continuous warming in the
future, the chance of the abrupt permafrost collapse in the Arctic tundra will increase. Therefore,
it remains difficult to predict future vegetation shifts in Arctic tundra areas which are vulnerable to
thermokarst.
4.6 Conclusion
This study is one of the first researches focusing on the reproduction mode of B. nana shrub using
molecular tools. The results suggest that sexual reproduction of B. nana in the Arctic tundra is
largely underestimated, and sexual reproduction likely plays an important role in the expansion of
the B. nana patches. The findings of our study are in line with other studies (Honnay and
Jacquemyn, 2008; Steltzer et al., 2008; Douhovnikoff et al., 2010) suggesting that sexual
reproduction of vascular plants in the Arctic tundra commonly occurs, more than was previously
considered. The results of the dendrochronological analyses further suggest that sexual
reproduction, which is largely affected by summer precipitation and temperature, might play an
important role in the establishment of present B. nana shrubs.
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4.8 Appendices

Fig. 4.A1 One complete B. nana plant with four ramets (white arrows) and belowground
roots/stems excavated from one B. nana dominated patch at the study site.
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Chapter 5: The role of summer precipitation and summer temperature
in establishment and growth of dwarf shrub Betula nana in Northeast
Siberian tundra
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5.1 Abstract
It is widely believed that deciduous tundra-shrub dominance is increasing in the pan-Arctic region,
mainly due to rising temperature. We sampled dwarf birch (Betula nana L.) at a Northeastern
Siberian tundra site and used dendrochronological methods to explore the relationship between
climatic variables and local shrub dominance. We found that establishment of shrub ramets was
positively related to summer precipitation which implies that the current high dominance of B.
nana at our study site could be related to high summer precipitation in the period from 1960 to
1990. The results confirmed that early-summer temperature is most influential to annual growth
rates of B. nana. In addition, summer precipitation stimulated shrub growth in years with warm
summers, suggesting that B. nana growth may be co-limited by summer moisture supply. The dual
controlling role of temperature and summer precipitation on B. nana growth and establishment is
important to predict future climate-driven vegetation dynamics in the Arctic tundra.
Key words: global warming, Arctic, shrub dominance, Betula nana L., dendrochronology, summer
precipitation
5.2 Introduction
Global climate change has markedly affected the ecosystems on Earth (ACIA 2005; IPCC 2013).
Compared to other regions, the Arctic region is experiencing dramatic air temperature increase
and more extreme precipitation events (Hinzman et al. 2005; McGuire et al. 2006). During the last
four decades surface air temperature increased on average 0.4 ˚C per decade over the Arctic
(Anisimov et al. 2007).
As a consequence, local vegetation composition has changed in the North American and
Scandinavian Arctic (ACIA 2005). Especially deciduous shrubs have been observed to increase in
Arctic tundra. Experimental studies in tundra ecosystems (Bret-Harte et al. 2008; Mack et al. 2004;
Nowinski et al. 2010; Shaver et al. 2001; Walker et al. 2006) suggested that deciduous shrubs,
especially Betula nana L. (dwarf birch), benefit from the increase in temperature, thereby
becoming more dominant in the ecosystem. In the last 50 years shrub-patch expansion was
apparent at different sites throughout Alaska (Sturm et al. 2001; Tape et al. 2006), Canada (Hudson
and Henry 2009) and other Arctic tundra regions (Frost and Epstein 2014; Hudson and Henry 2009;
Myers-Smith et al. 2011; Myneni et al. 1997; Stow et al. 2004). The observed shrub expansion could
reduce tundra albedo, leading to additional regional warming (Blok et al. 2011b; Juszak et al. 2014;
Loranty et al. 2011; Sturm et al. 2005).
Field experiments, aerial photographs and remotely-sensed data provided a general but coarse
impression of tundra “greening” explained as shrub expansion during the last decades (Sturm et
al. 2001). However, measurement errors caused by instrumentation drift, atmospheric effects
(Stow et al. 2004) and low image resolution (Tape et al. 2006) limit the assessment of fine-scale
shrub cover dynamics. Meanwhile, the time spans of most field-warming experiments are too short
to unravel the covariation of shrub growth and local climate fluctuations (Bret-Harte et al. 2008).
Dendrochronology is a useful tool to explore the long-term relationship between climate and shrub
growth and expansion (Bär et al. 2008; Myers-Smith et al. 2011; Myers-Smith et al. 2015b). Woody
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plants living under extreme conditions, such as shrubs in the Arctic, usually respond sensitively to
climatic variability in their vertical and radial growth (Bradley and Jones 1992; Mäkinen et al. 2003;
Myers-Smith et al. 2015a). Compared to trees, application of dendrochronology to Arctic
deciduous shrubs is challenging mainly related to low growth rates and frequently missing rings
(Woodcock and Bradley 1994) but also due to irregular wood formation along and around the main
stem (Schweingruber et al. 2011; Schweingruber et al. 2013).
Similar to other woody species in the Arctic tundra, B. nana forms exceptionally narrow annual
tree rings (Groot et al. 1997; Hollesen et al. 2015; Meinardus et al. 2011). The average ring width
of B. nana collected by Miller (1975) was merely 130 μm. Dendrochronological analyses of such
material requires application of serial sectioning, i.e. studying multiple samples along the main
stem to account for frequently occurring missing rings, specifically in outer stem parts (Wilmking
et al. 2012). Despite being a common circum-Arctic species that seems responsive to climate
warming (Hollesen et al. 2015; Shaver et al. 2001; Wahren et al. 2005), B. nana has only recently
been used for dendrochronological studies (Blok et al. 2011a; Meinardus et al. 2011; Miller 1975).
As temperature determines the length of the growing season in Arctic woody species (Berner et al.
2013; Hudson and Henry 2009; Walker et al. 2006), we assume that radial growth of B. nana at our
site in the Northeastern Siberian tundra is related to summer temperature. Pop et al. (2000) found
that the bud break of B. nana is sensitive to spring air temperature and snowmelt. Since the
growing season in the Arctic tundra is extremely short, an earlier start of the growing season
usually results in increased growth. Precipitation may be crucial as well as neither waterlogged
areas nor dry soil conditions favor B. nana growth (Groot et al. 1997). Precipitation could provide
the main water supply for B. nana during the growing season, particularly when the shrubs grow
on relatively well-drained soil or when the climate is dry. However, the growth of deciduous shrubs
could also be restricted by extremely high summer precipitation due to anaerobic soil conditions
that might develop (Lloyd et al. 2003). Aside from the rainfall in summer, winter precipitation (snow)
can also affect shrub growth (Blok et al. 2015), as deeper snow cover in winter provides better
insulation, which leads to higher turnover in soil organic matter, which is hypothesized to benefit
shrub growth during the subsequent growing season (Sturm et al. 2001). The primary objectives
of this study were to identify the main climate factors that determine annual growth and
establishment of B. nana, a common Arctic deciduous shrub species.
5.3 Material and methods
5.3.1 Site description and climate data
We collected samples of B. nana from Kytalyk Nature Reserve (70˚49’N, 147˚28’E), located in the
Indigirka lowlands in northeast Siberia, Russian Federation (Fig. 5.1). The whole study area is
underlain by continuous permafrost and the sampling locations were in the former bed of a
drained thermokarst lake. The local vegetation type is defined as G4 (tussock-sedge, dwarf-shrub,
moss tundra) at the circumpolar Arctic Vegetation Map (Walker et al. 2005). B. nana is the most
common deciduous shrub species and covers approximately 20% of the land in the area (Blok et al.
2011a). B. nana ramets (vegetative clone) mainly occupy the palsas (permafrost hummocks), while
Sphagnum mosses and Eriophorum sedges dominate the waterlogged depressions. Although B.
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nana shrubs produce seeds, they mainly depend on clonal growth for reproduction (Groot et al.
1997). Since the density of large herbivores is extremely low at the site, their impact on shrub
growth is assumed to be minimal.

Fig. 5.1 The map of our research site (Kytalyk Nature Reserve, Russia Federation)
Long-term meteorological data (daily average temperature, daily cumulative precipitation and
snow depth) since 1945 are available, recorded by the closest meteorological station (WMO station
no. 21946 in Chokurdakh), 30 km south of the study site (http://climexp.knmi.nl/).The mean annual
temperature (1981-2010) at Chokurdakh is -13.4 °C and the mean annual precipitation is 196 mm
(1981-2010) (Nauta et al. 2015). The mean July temperature of the same period is 10.3 °C. The
mean temperature in January is -34.0 °C. Summer is defined as ranging from June to August, as the
snow-free period usually lasts from the beginning of June until the end of August accordingly. For
each year, the start of the growing season and length of the growing season was calculated using
these Chokurdakh climate data.
5.3.2 Sample collection and preparation
In total 90 B. nana ramets from 10 different B. nana dominated patches (approximate 173 m2 in
average) were systematically collected in July, 2012. All 10 patches were located at a former
thermokarst lake bed (Fig. 5.1), and the distance among patches was at least 30 meters. In each
patch, three transects (from center to patch edge) located at an angle of 120 degrees were
established. Along each transect, three ramet samples (center, middle, outside) were collected (Fig.
5.A1).
The sampling strategy in general followed the requirements for applying the serial-sectioning
technique to ensure detection and measurements of all tree rings at the stem base and along the
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stem (Kolishchuk 1990) Individual ramet stems were cut just below the transition zone between
root and stem (usually located a few centimeters below soil surface where the coarse roots started
to appear) (Fig. 5.1). After measuring the total length of a ramet, three 2 to 3 cm thick disks were
collected along the main growth axis: at the transition zone between root and stem (Disk α), at the
soil surface (Disk β), and just below the first long branch (Disk γ). All stem sections were stored
immediately in glycerin-alcohol-mixture (33% glycerin, 33% alcohol and 33% water in volume). The
samples were transported to Wageningen University for further processing.
In the Lab, a 15 to 20 µm thick micro section was prepared from each disk of the three disks per
ramet, using a GSL1 sledge microtome (Gärtner et al. 2014). For enhancing the contrast between
different wood tissues which eases detection of ring boundaries, the sections were stained with a
safranin/astra blue mixture. After five minutes staining, all the sections were dehydrated
subsequently by using a 50%, 96%, and 99% alcohol. Dehydrated samples were then washed with
Roti®-Clear liquid, and permanently imbedded in Roti®-Mount afterwards. All the slides were
eventually fastened on a steel plate by using two button-shape magnets, and air dried for around
72 hours.
5.3.3 Tree-ring measurement, cross-dating and chronology development
Ring widths were measured directly from the slides along at least four radii using a combination of
a Lintab digital positioning table and the TSAP-Win software (both Rinntech, Germany). Ring
boundaries of B. nana are usually distinctly characterized by 1 to 3 tangential rows of flattened
fibres (Fig. 5.2). Since ring formation was usually not concentric, some radii include narrow rings
and (partially) missing rings. Correct dating of each measured ring as well as detection of missing
rings is only possible through visual cross-dating of ring-width series and-if necessary-re-inspection
of the rings on the slide. This process was successively applied, first within, and then between
ramets. Within a ramet cross-dating starts on different radii of the same stem disk (α (upper main
stem), β (soil surface) and γ (root/shoot transition), Fig. 5.2). After calculation of a mean ring-width
series for each stem disk, mean ring-width series from disks taken at the three stem heights were
compared to check whether the basal ring-width series (β) contains all rings and represents the
annual variation in ring width across the ramet’s lifetime. Visual cross-dating was statistically
checked by applying the cross-dating quality control program COFECHA (Bunn 2008). If any missing
ring was detected during the process, we manually added a v narrow ring (10 µm) at that year in
the ring-width series. As missing rings turned out to be more frequent in the radii of α disks in
comparison to β disks (resp. 60% and 50% of all radii and on average 2 versus 1.5 missing rings per
radius) but both disks showed no large difference in number of detected rings, disk β was used for
further analyses.
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Fig. 5.2 the photo of a thin section sample of Betula nana and the locations where the disks were
collected (disk α, disk β, disk γ)
The mean ring-width series derived from the β disks were finally used to (1) determine when the
individual ramets established and (2) to calculate a site chronology. For the latter we used only
individuals older than 30 years, as these are not only representing juvenile growth patterns,
affected by initial competition-driven growth but mainly reflect environmental driven growth
patterns of grown up, established shrubs. Before a site chronology was calculated from these older
ramets, the individual ring-width series were standardized in ARSTAN v6.05 to eliminate size- and
age-related growth trends. After standardisation the index series are averaged into a site
chronology (program ARSTAN, Cook and Holmes 1986). The quality of this site chronology is
checked by calculating the inter-series correlation (rbar) and the expressed signal (EPS) (Bunn al.
2008). Subsequently, the standardized ring-width index (RWI) was calculated. In addition, we
compared the site chronology of B. nana in this study with the chronologies of B. nana and Salix
pulchra Cham. In the study by Blok et al. (2011a). The RWI of B. nana (and S. pulchra) from both
studies were compared as well.
5.3.4 Climate-growth analysis
Before analysis of climate-growth relationships, the normal distribution of each variable was
checked by SPSS software (IBM SPSS Statistics for Windows, ver. 22.0; IBM Corp., Armonk, NY, USA).
All variables showed a normal distribution, except some precipitation variables which were logtransformed to achieve or improve the normal distribution. Pearson’s correlation coefficients (r)
were calculated for the relationships between the RWI chronology and different climate factors:
precipitation, temperature, snow depth, length of growing season (number of days with mean daily
temperature over 5 ˚C per year, Briffa et al. 2008) and the start date of the growing season. The
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start dates of the growing season during the period from 1952 to 2012 were calculated based on
the equation developed by Pop et al. (2000). Parmentier et al. (2011) have calculated the start
dates of the growing seasons of this region by using the same formula. In addition to precipitation,
we also tested a drought index which combines precipitation and temperature data. Standardized
Precipitation-Evapotranspiration Index (SPEI, Vicente-Serrano et al. 2010) data were obtained for
the study site location from the global SPEI database v2.3 (sac.csic.es/spei/database.html, VicenteSerrano et al. 2010). Since climatic conditions can also affect next year’s radial growth (Buchwal et
al. 2013), the Pearson’s correlations for the relation between RWI and the climatic variables of the
preceding year were included into the analyses.
5.3.5 Climate-establishment analyses
For each ramet sprouting year was based on the number of measured rings on the β disks (from
soil surface). From the sprouting years of all 90 samples, we obtained the annual establishment
numbers. In order to explore the relationship between climate change and shrub ramet
establishment, we used the generalized linear model that takes the Poisson distribution of count
data into account (in SPSS) to examine the relation between the ramet establishment number
(dependent variable) and climate variables (covariate). As the year-to-year variation, particularly
in precipitation, is very large and the exact ages of the samples can be underestimated due to
undetected missing rings especially in very young individuals which are difficult to crossdate, we
also used 5-year sums of establishment with 5-year averages of climate data, to examine
relationships between establishment and climate factors.
5.4 Results
5.4.1 Age-related cambial growth and RWI chronology
B. nana showed a pronounced negative logarithmic radial growth trend with increasing age (R2 =
0.85) (Fig. 5.A2). The ring-width increment declined sharply, especially during the first 15 years
(slope = .9.68 μmˑyr-1, R2 =0.92), and this trend became much weaker in the later years (slope = 0.25 μmˑyr-1, R2 = 0.19). The results from B. nana samples from Blok et al. (2011a) showed a similar
result (Fig. 5.A2). In contrast to B. nana, the growth rate of S. pulchra showed a constant negative
linear trend (slope = -2.68 μmˑyr-1, R2 =0.51) and ring widths were on average much larger (B. nana:
81.03 ± 38.91 μm, S. pulchra: 189.11 ± 61.59 μm, Fig. 5.A3). Based on these 53 B. nana individuals,
a ﬁnal B. nana chronology was established. The chronology of B. nana was characterized by a
reasonable common signal represented by rbar (0.351) and EPS (0.933). In addition, we observed
that the ramets samples, which have been collected on July, 20 in 2012, have final row(s) of flatted
fibres (the ring boundaries of 2012).
5.4.2 Influence of climate factors on radial growth
Year-to-year variation in B. nana radial growth was significantly related to mean summer
temperature (r = 0.47, p = 0.001, 1962-2011, Fig. 5.3), but correlations with other temperaturerelated variables (starting date and length of growing season and previous year’s summer
temperature) were not significant (p > 0.05, Table 1). The temperature in the period from June 16
till July 20, hereafter referred to as early summer, appeared most influential (Table 5.1, r = 0.727,
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p < 0.001, n = 50 years). The late summer temperature (July 21-August 30) had no significant effect
on the shrub radial growth (p > 0.05).

Fig. 5.3 Ring-width Index of Betula nana (grey) and the mean early summer temperature (black, ˚C,
16th of June to 20th of July) from 1952-2012
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Table 5.1 Pearson’s correlation coefficient for relationships between annual ring-width index (RWI)
of Betula nana and local climate variables (summer temperature (June-August), early summer
temperature (June 16-July 20), precipitation (cumulative, June-August), mean snow depths
(previous year’s October-May) and growing days and standardized precipitation
evapotranspiration index (SPEI) in summer) over the years 1962-2011 (n = 50 yrs), the years with
warm summers (early summer temperature above median (9.58 °C), n = 25) and the years with
cool summers (early summer temperature below median, n = 25).

The coefficients with * and ** represent a significant correlation between the RWI and the climatic
variable (p < 0.05; p < 0.01).
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Precipitation also influenced radial growth patterns, but only in the years with a warm summer
(Table 5.1). Annual radial growth rates were significantly correlated to both current-year and
previous-year summer precipitation (Table 1) when the early summer temperature was above
9.58 °C (the median during the 50 years, 1962-2011). In the years with a below-median early
summer temperature, only early summer temperature was significantly related to RWI and no
other climatic variable (Table 5.1). The mean snow depth did not significantly correlate with radial
growth (Table 5.1). The relationship between SPEI and B. nana RWI values were significant only in
the years with warm summers (Table 5.1, r were between 0.41 and 0.51, p < 0.05). SPEI over the
period previous-year June up to current-year August had the largest correlation coefficient (r = 0.51,
p = 0.010, n = 25 yrs), with high SPEI values indicating wet climatic conditions, taking
evapotranspiration into account, corresponding with high ring widths.
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5.4.3 Influence of climate factors on ramet establishment
Most of the 90 collected B. nana ramets established 20 to 50 years before sampling, while only five
successfully established in the last 20 years, and the 10 oldest ramets initiated growth before 1963.
The increase in establishment over the 1950s and 1960s coincided with increasing summer
precipitation and SPEI over the same period (Fig. 5.4). Similarly, the dip in establishment numbers
in the late 1970s was related to negative summer SPEI values indicating dry climatic conditions (Fig.
5.4). Establishment numbers were low since the mid-1990s in a period of declining precipitation.
The 5-year establishment numbers over the period 1951-2000 were significantly related to JuneAugust SPEI and precipitation, but were not related to temperature or temperature-related
variables (SPEI Jun-Aug: p = 0.003, AIC = 58.4; summer precipitation: p = 0.018, AIC = 61.6; early
summer temperature: p = 0.143, AIC = 64.8).

Fig. 5.4 The number of Betula nana ramets established (bar) and a) summer (June-August)
precipitation (mm); b) standardized precipitation evapotranspiration index (SPEI) in summer (JuneAugust) (line), both averaged per 5 years from 1946 to 2005.
69

5.5 Discussion
5.5.1 Climatic change and ramet establishment
In this study, a large number of B. nana samples were successfully cross-dated to build on a study
by Blok et al. (2011) on this widely spread and hence important Arctic shrub species. Although ring
detection is sometimes difficult due to eccentric growth and partly missing rings we succeeded in
building a reliable B. nana site chronology with high rbar and EPS values.
The vertical growth of deciduous shrubs like B. nana can be largely restricted by local snow depth
(Walker et al. 1997). Extremely low winter temperatures at our site can easily reach -30 ˚C. Without
insulation by the snow cover, the shrub branches can hardly survive (Walker et al. 1997). Some
studies in Scandinavia (Groot et al. 1997; Jonasson 1982) stated that snow cover largely influences
the height of B. nana in tundra ecosystem. At our site, the maximum shrub height is approximately
30 cm (Fig. 5.1), which is more or less equal to the local average snow depth. In our dataset there
was a positive relationship between shrub diameter at the soil surface and height (r = 0.43, p <
0.01, n = 90, data not shown). Since the vertical and radial growth of woody species may be
positively correlated (Hallinger et al. 2010), the height limitation controlled by snow depth could
largely control the radial growth as well. This may explain why the ring-width growth of B. nana
was initially fast, but declined quickly and stayed at very low levels after the first 15 years. Apart
from the effect of snow depth, aging and competition may also influence the radial growth of B.
nana. It is common in Arctic shrubs that after an initial juvenile stage, the ring widths continuously
decline (Myers-Smith et al. 2015b; Schweingruber 1996). Betula nana may show a similar pattern
here. Moreover, as shrub size increases, the competition for soil nutrients and light among the
neighbouring individuals may be more intense. More research is needed to clarify the roles of snow
depth and competition on the age-related cambial growth trends.
The possibility of cross-dating the ring-width series of all ramets enabled reconstruction of the
dynamics of ramet establishment across shrub patches. Although the sampling strategy was not
specifically designed for analysing ramet establishment in relation to climatic variations, we did
obtain a dataset of 90 aged B. nana ramets which required measuring multiple radii in 3 stem
sections per ramet and use crossdating to obtain reliable ages in this difficult species with partial
missing rings. The sampling was not directed to sample the thicker ramets as the primary purpose
was to investigate age distribution patterns within the shrub patches. We sampled along transects
from the centre to the margin of the shrub patch. There was no relationship between age and
position within the transects, and also the ages of the three centre positions, which were relatively
close to each other, were highly variable. This lack of an age pattern suggests that we probably
sampled a random sample and not specific age cohorts. However, it was striking that the temporal
distribution of the ramet establishment was not random. It is clear that most ramets established
in periods with high summer precipitation around 1970 and in the 1980s, while the old and young
(established before 1960 or after 1995) were rare, following the significant decline in summer
precipitation since 1991 (slope = 4.56 mm ˑyr-1, R2 = 0.54, n = 20 yrs: 1991-2010). This suggests that
more ramets established when summer precipitation was high. Soil moisture supply in B. nana
patches is controlled by summer precipitation and depth of permafrost thaw (Lloyd et al. 2003). As
a shrub species with a highly plastic growing strategy (Bret-Harte et al. 2008), it is plausible that B.
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nana shrubs prefer to sprout new ramets when soil moisture is adequate, at the cost of stem
growth (both radial and vertical). This may also explain the relatively low correlation between the
radial growth curves and the year-to-year summer precipitation in our study. The continuously
decreasing summer precipitation during the last two decades could be responsible for the low
number of young ramets, i.e. recently established ramets among all samples.
We assume that the bias of missing old B. nana samples or young ramets during collection is low.
Like many Arctic shrubs, B. nana shrub ramets can easily survive longer than 50 years (Groot et al.
1997). Dead stems are well preserved for years at our sites, due to the low decomposition rates of
recalcitrant low-quality woody material in the harsh climate. Nevertheless, we found very few dead
B. nana ramet relics inside the patches. Furthermore, for the statistical analysis we excluded the
periods in which the oldest and youngest ramets established as we cannot be sure that we missed
young or old ramets subjectively.
The negative precipitation trend and associated low establishment together with a lack of a
positive trend in annual ring width index could imply that there is no shrub expansion at our study
site. Unfortunately, the lack of a long-term positive trend in ring width index does not necessarily
mean that climate warming did not affect shrub radial growth. The dendrochronological methods,
e.g. detrending, remove gradual changes over time, as they could be the result of ontogenic, e.g.
age-related, trends and optimise the inter-annual variation for investigation of growth-limiting
factors. Perhaps there was a declining trend because of aging compensated by a positive trend
because of climate change; it is impossible to distinguish between the two. Support for no shrub
expansion comes from satellite NDVI records showing no greening trend for the study region over
2000-2010 (Blok et al. 2015). Local permafrost degradation resulting in thaw pond development
and drowning of shrubs could have prevented net shrub expansion (Nauta et al. 2015). The
negative precipitation trend is not unique to the study area, but also occurred in some other
locations particularly in the High Arctic (Urban et al. 2014). We used the KNMI Climate Change
Atlas tool (http://climexp.knmi.nl/atlas) to generate a map of summer (JJA) precipitation trends
over the years 1991-2015 for the Arctic land based on observations (CRU TS 3.22 dataset). The map
(Fig. 5.A3) shows that the trends in summer precipitation are far from homogenous in the Arctic.
In our study region, the Indigirka delta, the mean regression relative summer precipitation (19912015) is -50% per century and the similar patterns also exist in other Arctic regions, e.g. Lena delta,
Canadian High Arctic (Fig. 5.A3), while some other areas show strong positive trends. The large
variation of trends in summer precipitation in the Arctic further suggests that shrub expansion
might not happen everywhere in the Arctic tundra. However, future precipitation is expected to
show an increasing trend as the retreat of sea ice results in strongly increased evaporation and
precipitation (Bintanja and Selten 2014).
5.5.2 Climatic change and shrub growth
Several experimental studies in the Arctic (Hobbie and Chapin 1998; Mack et al. 2004; Wahren et
al. 2005; Walker et al. 2006) pointed out that the growth of B. nana was stimulated by increasing
air temperature during the growing season. Most dendrochronological studies on the Arctic shrubs
also indicated summer temperature as the most important factor for shrub growth through
lengthening of the growing season (Hallinger et al. 2010). Myers-Smith et al. (2015a) stated that
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the summer temperature variable is the most influential factor that affects the variation of Arctic
shrub growth. Our study confirmed that year-to-year variations in summer temperature strongly
influenced the annual radial growth rates and that the mean temperature of early summer (June
16- July 20) was a more important factor for the radial growth of B. nana than that of the late
growing season (Blok et al. 2011a).
Evidence from both the sample measurement and the field observation supported this deduction
that early summer temperature is more important than late summer temperature for the width of
a ring formed in a given year. In most ramets collected on July, 20 in 2012 we observed that the
final row(s) of flatted fibres were already formed indicating that the formation of the 2012-ring
was almost completed by July 20 (Fig. 5.A4). This suggests radial growth of B. nana already ceased.
Furthermore, the leaf colour of B. nana usually starts to turn from green to yellow and red at the
beginning of August at our site (Fig. 5.A5), indicating the degradation of chlorophyll (Addicott and
Lyon 1973) and lower photosynthesis activities. It further explains why the length of growing
season (number of days with mean daily temperature over 5 ˚C per year) was not strongly
correlated with the radial growth of B. nana. Although the mean temperature is usually above 5 ˚C
until the beginning of September, from this research it seems that the radial growth of B. nana
finishes approximately 3 to 4 weeks earlier, at both the stem base (disk α) and the upper part of
the stem (disk β and disk γ, Fig. 5.1).
Summer precipitation not only stimulated the sprouting of B. nana ramets, but facilitated the
annual radial growth rates of B. nana shrubs as well, but only during warm summers. While low
radial growth rates occur when early-summer temperatures are low, relatively warm summers
positively affect radial growth rates of B. nana provided that summer precipitation, either in the
actual summer and/or the previous summer are above-average. Remarkable was the peak growth
rate in 2011 which coincided with a warm and wet summer, whereas the preceding summer of
2010 was even warmer but also very dry, resulting in a rather modest radial growth (Fig. 5.A2). At
a nearby treeline research site, 2011 was also an exceptional year with high photosynthetic rate
(Liang et al. 2014). It was recently stated that apart from summer temperature, soil moisture is
another important factor that largely affects the growth of shrubs in the Arctic (Myers-Smith et al.
2015a). They further suggest that the importance of soil moisture to the growth of Arctic shrubs
increased during warm summers. The results of our study supports this statement, due to the
positive correlation between soil moisture and summer precipitation in the study region (Liang et
al. 2014). .
The effect of previous year’s summer precipitation on shrub growth is probably related to local soil
nutrient supply. In the Arctic tundra, rapid growth of deciduous shrubs, for instance B. nana and S.
pulchra, in the early growing season (late June to early July) is mainly supported by belowground
nutrient storage instead of nutrient absorption at the time that the soil is still mostly frozen (Chapin
1980; Chapin et al. 1990), which is a common strategy among Arctic plants. Due to the extremely
harsh winter environment (frozen soil and low temperature) in northeast Siberian tundra, the
belowground nutrient accumulation mainly takes place during the previous growing season
(Bilbrough et al. 2000). The soil nutrient absorption of the previous years is critical to the shrub
growth of the next seasons. Higher soil moisture in the Arctic tundra might accelerate the
permafrost thawing at B. nana dominated patches during the growing season by increasing soil
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thermal conductivity. Six years of thaw depth measurements at the research site revealed that
summer thaw depth was largest in 2011, which had exceptionally large summer precipitation
(Nauta et al. 2015). The larger thaw depth might lead to a higher nutrient availability in deeper soil
(Wahren et al. 2005). Dry soil conditions at the surface could reduce decomposition of organic
matter, potentially reducing nutrient supply (Blok et al. 2015). Further studies should include
investigations on soil nutrient availability. Since growth of deciduous shrubs like B. nana is highly
sensitive to changes in soil nutrient availability (Marschner et al. 2007), inter-annual variations in
B. nana growth may follow variations in soil nutrient availability (Shaver et al. 2001).
5.6 Conclusion
It has been widely shown that growth of deciduous shrubs like B. nana is responsive to changes in
summer air temperature. This study builds on this result and further suggests that summer
precipitation also influences growth rates, perhaps indirectly through soil nutrient availability,
moreover summer precipitation seems to play an important role for shrub establishment. This
implies that summer precipitation can facilitate the expansion of B. nana in Arctic tundra and that
the influence of precipitation dynamics on vegetation composition changes in high-latitude
ecosystems should not be ignored or underestimated.
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5.8 Appendices

Fig. 5.A1 Strategy for collecting Betula nana ramet samples inside shrub patches. Three transects
(Transect 1, 2 and 3) and three plots (inside, mid, outside) were defined. One sample was collected
randomly at each plot.
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Fig. 5.A2 a) 50-year long cambial growth curves of Betula nana (black, average of 53 samples), and
both Salix pulchra (light grey, average of 19 samples) and Betula nana (dark grey, average of 19
samples) from the study of Blok et al (2011a)) ; b) the (RWI) chronology (1953-2012) of Betula nana
(black) and that of Betula nana (grey, 1953-2009) from the study of Blok et al (2011a).
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Fig. 5.A3 The map of mean regression summer precipitation (June – August) of the Arctic between
1991 and 2015 based on the observation data (CRU TS 3.22 dataset) from the KNMI Climate
Explorer (http://climexp.knmi.nl/atlas)
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Fig. 5.A4 Starting late wood formation indicated by occurrence of flattened fiber cells in Betula
nana sample collected on July 20, 2012

Fig. 5.A5 The picture of Betula nana leaves taken in 5th of August, 2012. The margins of the Betula
nana leaves were turning red.
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Chapter 6: Synthesis
6.1 Introduction
Rapid changes in the climate of the high latitudes over the past century are believed to impact
upon the vegetation composition of the Arctic tundra (ACIA, 2005; IPCC, 2013). Warming of the
Arctic is considered to be responsible for the “greening” (expansion of woody plants) of the panArctic region during recent decades (Stow et al., 2004; Tape et al., 2006; Myers-Smith et al., 2011;
Myers-Smith et al., 2015). Experimental studies (Shaver et al., 2001; Mack et al., 2004; Walker et
al., 2006; Bret-Harte et al., 2008; Nowinski et al., 2010) suggest that deciduous shrubs such as
Betula nana L. are favoured under the warmer climate at the cost of mosses and other functional
plant types. Pearson et al. (2013) predicted that the woody plant cover in the Arctic tundra,
especially shrub cover, will increase by 52% in 2050 because of the continuous climate warming.
While the shrub expansion is widespread across the pan-Arctic region, the Arctic lowland tundra
might have experienced more complicated vegetation shifts. The study by Jorgenson et al. (2006)
suggested that abrupt small-scale permafrost collapse in the Arctic lowland tundra is norm, which
may lead to the decline of shrub dominated patches (Lemke et al., 2007). As shrubs like B. nana
can hardly tolerate waterlogged soil (Groot et al., 1997), extremely high soil moisture driven by the
rapid permafrost thaw may lead to the decline of the shrub dominated areas and may favor other
plant species, especially Eriophorum spp. sedges.
Vegetation composition is a pivotal non-climate factor that governs the soil surface energy balance,
and therefore affects permafrost stability in ecosystems at high latitudes (van Wijk et al., 2004;
Anisimov and Reneva, 2006). Shrub cover, for instance, is able to reduce surface albedo, increase
evapotranspiration, and decrease active layer depth due to soil shading (Pearson et al., 2013).
Shrub shading may (partially) compensate for the warming effect of increased air temperature on
the soil, at least at the local scale (Jorgenson et al., 2010; Blok et al., 2011; Myers-Smith and Hik,
2013). The insulating capacity of the moss cover also contributes to stable permafrost conditions.
In addition, vegetation shifts not only affect the permafrost stability, but also the greenhouse gas
emission of the Arctic lowland tundra (Nauta et al., 2015), leading to significant shifts in the local
carbon balance.
Although people are keen to talk about the vegetation shift in the Arctic lowland tundra and its
influences on the environment, the vegetation succession in this ecosystem is yet largely unknown.
Particularly in lowland tundra, which has ice-rich permafrost and is poorly drained, both shrub
expansion and local shrub decline due to small-scale permafrost collapse can take place
simultaneously. We used a combination of different methods, including dendrochronological
analyses, genetic tools and field experiments, to explore the vegetation changes in a typical Arctic
lowland tundra in the Northeastern Siberia. This chapter synthesizes the results found in these
experiments and studies. First of all, I exhibit a general picture of the vegetation succession in the
Arctic lowland tundra and discuss the interaction between the vegetation shift and the local
permafrost dynamics. I then discuss the reproduction modes and the growth pattern of B. nana,
one of the most common deciduous shrub species in this ecosystem, which is also one of the key
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plant species with decisive impacts on vegetation succession, but also on permafrost stability. In
addition, the effects of Sphagnum mosses on the carbon balance are analysed, since Sphagnum
mosses might significantly affect greenhouse gas emissions. Finally, some suggestions and
recommendations are provided for the future studies of vegetation dynamics in the Arctic lowland
tundra.
6.2 Vegetation succession and permafrost dynamics in the Arctic lowland tundra
6.2.1 Vegetation succession cycle and permafrost degradation-recovery cycle
As the vegetation of the Arctic lowland tundra is sensitive to the hydrological conditions, different
vegetation types occupy the areas with distinctive soil moisture levels, forming a mosaic-like
landscape (Fig. 5.1). B. nana shrubs occupy the elevated areas with well-drained soils (Groot et al.,
1997), while the E. angustifolium sedges prefer the water-logged areas or open water (Shaver and
Chapin, 1991). However, this pattern is dynamic, largely due to the influences of both the
vegetation composition and the permafrost. Teltewskoi et al. (2016) analyzed the proxies (pollen,
macrofossils, testate amoebae, geochemistry and sediment properties) that had remained at the
different depths of the permafrost at the same site. Their results clearly elucidate that dry periods
dominated by shrubs and wet periods with sedges and mosses had alternatively appeared at the
same location during the past 4000 years.
As the study period was limited, it was not possible to record the complete vegetation succession
process using purely field observations. Here I combined the results of all four chapters to depict
the whole process of vegetation succession in an Arctic lowland tundra of Northeastern Siberia.
Based on the results of these studies, I suggest a vegetation succession loop in the Arctic lowland
tundra which is accompanied by a permafrost degradation-recovery cycle (Fig. 6.1), while these
two processes strongly interact with each other. In the vegetation succession loop, four stages
dominated by distinctive vegetation types (B. nana shrubs, Arctagrostis latifolia (R.Br.) grass,
Eriophorum angustifolium L. sedges, and Sphagnum mosses) are recognized.
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Fig. 6.1 The conceptional graph showing the cycle of vegetation succession and circular route of
permafrost dynamics in the Arctic moist tundra over time. The outer ring shows the circle of
vegetation succession, including four distinctive stages (Betula nana dominated stage, grass
dominate stage, sedge dominated stage and the Sphagnum dominated sedge). The inner ring
shows the two different periods of the permafrost dynamics. The recovery period (white) is from
sedge dominated period to the Betula nana dominated stage via Sphagnum dominated stage, and
the black part is the Degradation period. The arrows represent the direction of succession.
6.2.2 From Betula nana to Eriophorum angustifolium: a shift with a quick permafrost degradation
In Chapter 2, a fast vegetation shift in the B. nana removal plots of the nine-year B. nana removal
experiment (2007-2015) is described, while the vegetation composition of the control plots has
been stable. The dominant plant species in the removal plots shifted from B. nana to A. latifolia
grass and then to E. angustifolium sedge (Fig. 2.5). Shrub shading in the lowland tundra reduces
active layer thickness by offsetting air warming (Jorgenson et al., 2010; Myers-Smith and Hik, 2013).
The B. nana removal treatment simulated the natural death of the deciduous shrubs and triggered
the thawing of the ice-rich permafrost in the removal plots, leading to significant soil subsidence
and increasing soil moisture and active layer thickness (Nauta et al., 2015). Although the increase
of the active layer thickness (mid-July) halted since 2011 (Fig. 2.4), the soil subsidence continued
in the removal plots (Fig. 2.4). Over 8 years, the permafrost table of the removal plots lowered on
average by over 30 cm (Chapter 2). Significantly increased soil moisture caused by the dramatic
permafrost thaw resulted in important vegetation composition shifts. E. angustifolium sedges
became the dominating plant species in most of the removal plots after all B. nana shrubs were
removed. Consequently, the vegetation composition of the removal plots became more similar to
the naturally formed ponds which had developed at our site due to abrupt small-scale permafrost
collapse.
6.2.3 The Arctagrostis latifolia dominated stage: a transition period driven by permafrost
degradation
During the period of permafrost thawing, A. latifolia density increased rapidly (Chapter 2). Even
though I enlist A. latifolia grass as one of the four symbolic plant types in the vegetation succession
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cycle (Fig. 6.1), the A. latifolia dominated stage is just a relatively short transitional period. In the
B. nana dominated stage, A. latifolia grasses usually co-exist with B. nana shrubs, even though the
grass density is rather low. After the B. nana removal treatment, A. latlifolia grass cover increased
to over 50% of the removal plots in 2011 (5 years after the B. nana removal treatment), but this
number quickly dropped back to around 20% in 2015 (Fig 2.2). The short A. latifolia dominated
period is largely attributed to the fast permafrost degradation and the relatively high nutrient
release during this period. Kemper and Macdonald (2009) stated that A. latifolia grass is a pioneer
species that quickly responds to disturbances in the Arctic tundra region. The decline of the B. nana
cover and thicker active layer provided both open space and extra nutrients, which stimulated the
growth of A. latifolia grasses rapidly. In another field experiment at the study site, A. latifolia
responded strongly to a fertilization treatment, which confirms that it can respond quickly to an
increased nutrient availability (Wang et al., 2016). Accordingly, the rapid increase of A. latifolia
grass can be the signal of the initiation of the abrupt small-scale permafrost collapse in the Arctic
lowland tundra. Nevertheless, the fast increase of soil moisture due to permafrost thawing might
finally have exiled the A. latifolia grasses, which were replaced by E. angustifolium sedges at last.
6.2.4 Sphagnum moss: an environmental engineer on vegetation succession and permafrost
recovery
In contrast to A. latifolia, Sphagnum mosses play an important role in both the vegetation
succession and the permafrost recovery in the Arctic lowland tundra. In Chapter 3, a four-year
Sphagnum addition experiment (Chapter 3) was used to imitate the invasion of Sphagnum mosses
into the sedge dominated areas, which is common in the Arctic lowland tundra. In the experiment,
Sphagnum mosses not only suppressed the growth of the sedges but also facilitated the
germination of the woody plants like B. nana and Salix spp. shrubs (Fig. 3.4). I observed that in the
plots with Sphagnum moss carpets, the densities of the E. angustifolium sedges were significantly
lower than those in the plots without Sphagnum moss carpets (Fig. 3.3). This phenomenon can
probably be explained by the reduced nutrient availability, since Sphagnum moss carpets are able
to absorb efficiently the nutrients from water (Svensson, 1995) and atmospheric deposition
(Heijmans et al., 2002).
While the growth of the sedges was suppressed by Sphagnum mosses, the Sphagnum moss carpets
in the lowland tundra facilitated the germination of the B. nana shrubs. In the Sphagnum addition
experiment described in Chapter 3, most of the germinated vascular plant seedlings were found in
the plots with Sphagnum moss carpets (Fig. 3.A2). It is suggested that Sphagnum moss carpets
provide suitable moist but unsaturated substrates that are appropriate for the germination of
shrub seedlings (Oberbauer and Miller, 1982). As the wind-dispersed seeds of B. nana are only
between 0.1 and 0.3 mg (Groot et al., 1997), it is difficult for these tiny seeds with little
carbohydrate reserves to produce deep roots to reach soil water in a drying environment with
extremely short growing seasons (Billings and Mooney, 1968). Therefore, the presence of the
Sphagnum moss carpets are probably the key to the germination of the B. nana seeds.
In addition, the presence of Sphagnum mosses also results in the recovery of the degraded
permafrost in the Arctic lowland tundra. Due to their high insulating capacity (van Breemen, 1995),
Sphagnum moss carpets are able to cool the permafrost and facilitate the ice accumulation. While
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permafrost thawing was not alleviated by the newly formed Sphagnum moss carpets in the former
sedge dominated areas, the established Sphagnum moss carpets markedly decreased both the soil
temperature (Chapter 3, Fig. 3.A2) and the active layer (Fig. 3.2). Dry Sphagnum moss has a strong
insulating capacity, but wet Sphagnum moss can more easily conduct heat to deeper soil layers.
This implies that the ice accumulation and permafrost recovery driven by Sphagnum moss carpets
is expected to be a rather slow process.
6.2.5 The growth, reproduction and establishment of B. nana shrubs in the lowland tundra
In Chapter 3, it is suggested that Sphagnum moss facilitates the germination of B. nana seedlings.
However, there were still two critical questions which needed to be answered. The first one was
whether the sexual reproduction of B. nana by seeds is frequent in the Arctic lowland tundra, even
though I found the young B. nana and other shrub seedlings at almost every plot covered by
Sphagnum moss carpets (Chapter 3). The conventional consensus suggests that the sexual
reproduction of deciduous shrubs in the Arctic tundra is rare or even not existing, mainly due to
the extremely low summer temperature at these high latitudes (Billings and Mooney, 1968; Bliss,
1971; Callaghan and Collins, 1976; Bell and Bliss, 1980; Moulton and Gough, 2015), but this
assumption is still controversial and rarely tested. Our study using the genetic tools (microsatellite
markers) presented in Chapter 4 suggests that the sexual reproduction of B. nana by seeds is
frequent at our site. Only 2 out of the total 210 B. nana ramet samples collected at the study site
(near Kytalyk station) had the same genotype (Table 4.2), and these two samples were only 2
meters apart, implying that most of the samples belong to different B. nana individuals. Vegetative
recruitment of B. nana, which is also very common at the study site (Li., personal observation), is
probably only able to bridge very short distances. The study by Douhovnikoff et al. (2010) also
found a high sexual reproduction frequency of Salix spp. shrubs in the Arctic tundra. Sexual
reproduction of deciduous shrubs at the northern high latitudes is probably much more frequent
than previously expected.
There is apparently a high gene flow among the different patches at the same site (Chapter 4). The
light wind-dispersed seeds and pollens of B. nana can be easily transported to the sites around
over distances of a few hundred meters (Molau and Larsson, 2000). I further found that long
geographic distances hamper but do not prohibit gene flow. A large genetic differentiation
between the samples from the Kytalyk station and those from the Kodak research station 40 km
apart was found (Fig. 4.3), while the gene flow between these two sites still exists according to the
result of the AMOVA tests (estimated variance among populations: 0.042, Chapter 4).
The fierce competition between woody plant seedlings and Sphagnum mosses at these northern
ecosystems often lead to extremely high seedling mortality (van Breemen, 1995; Gunnarsson and
Rydin, 1998; Ohlson et al., 2001). Therefore, the second question is whether and how B. nana
seedlings outcompete Sphagnum mosses and eventually become the dominating plants.
Fortunately, the dendrochronological data collected at the same site gives us some clues to
understand this process (Chapter 5). The significant correlation between the mean summer (JuneAugust) precipitation per five-year period and the total number of the B. nana shrubs established
during the same period (Fig. 5.4) implied that B. nana seedlings probably have higher chances to
survive during few-year long periods with relatively high summer precipitation. High summer
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precipitation not only creates moist substrates for shrub germination and ramet sprouting (Chapter
3), but also stimulates the growth of B. nana seedlings during warm summers (Chapter 5). Based
on the dendrochronological data, we also found that summer temperature, especially early
summer temperature (mid-June to mid-July) is critical to the radial growth of B. nana (Fig. 5.3). To
sum up, suitable climate conditions including relatively high summer precipitation and high
temperatures are the key factors for the establishment of B. nana shrubs in the Sphagnum moss
dominated areas.
6.3 Vegetation succession and greenhouse gas emission
Vegetation shifts had significant influence on the greenhouse gas fluxes especially CH4 in the Arctic
tundra. In the Sphagnum removal experiment described in Chapter 3, the presence of Sphagnum
moss carpets significantly decreased the CH4 emission (Fig. 3.4). Aerobic unsaturated Sphagnum
carpets are perfect substrates for endophytic CH4-oxidizing bacteria (Raghoebarsing et al., 2005;
Kip et al., 2010). Another reason is that Sphagnum mosses also suppress the growth of E.
angustifolium sedges (Fig. 3.3), which can facilitate the release of CH4 through their aerenchyma
which provide a direct pathway from deep soil to the atmosphere (Ström et al., 2005). In the study
done by Nauta et al. (2015), the CH4 flux had significantly increased a few years after the B. nana
removal treatment (the same experiment described in Chapter 2). Thus, at the different stages of
the vegetation succession loop in the Arctic lowland tundra (Fig. 6.1), the greenhouse gas fluxes
might be distinctively different.
6.4 Recommendations
In conclusion, this study strongly suggests a complete vegetation succession cycle at a Siberian
Arctic lowland tundra site through the use of several complementary approaches. This vegetation
cycle appeared to be strongly connected with cycles in the local permafrost, and is affected by
climate factors such as summer precipitation and temperature. In the recent years, researchers
began to notice the importance of thermokarst processes such as abrupt small scale permafrost
collapse (Jorgenson et al., 2006), which triggers the vegetation succession loop revealed in this
thesis. However, it is questionable what exactly triggers the abrupt permafrost collapse inside the
B. nana dominated patches. Many recent studies (Jorgenson et al., 2006; Schuur et al., 2015) stress
the close relationship between increasing air temperature and frequent abrupt permafrost
collapse in the Arctic tundra. At the research site (Kytalyk), the small-scale abrupt permafrost
collapses are widespread. One of the plausible reasons is the degradation of B. nana shrub cover.
The loss of protection by reduced shrub shading might initiate small-scale permafrost collapse.
Other unknown biotic or abiotic factors are probably also involved. For our understanding of the
impacts of climate change it is crucial to investigate the factors that trigger the abrupt permafrost
collapse and affect the interaction between vegetation succession and permafrost stability in the
Arctic lowland tundra.
Further studies on the rate of the vegetation succession in the Arctic lowland tundra are required.
Vegetation succession is proved to have significant influences on the local greenhouse gas emission
at the Arctic lowland tundra in this thesis. Recently a lot of attention has been given to thermokarst
processes and associated CH4 emission, which are increasingly incorporated in vegetation models
83

(van der Kolk et al., 2016). However, thermokarst features such as thaw ponds can also disappear
due to vegetation succession as described in this thesis. The paleoecological studies (Teltewskoi et
al., 2016) so far can only provide some evidence that depicts a rough picture of vegetation
succession and environment shifts in the past few thousand years, and the different proxies used
for the analyses sometimes provide contradicting information. Therefore, long-term field
observations and more accurate remote-sensing analyses are required to understand the
vegetation succession in Arctic lowland tundra.
Whereas the vegetation succession loop is clearly depicted in this thesis,multiple important reports
and studies (Sturm et al., 2001; Walker et al., 2005; Tape et al., 2006) describe the rapid shrub
expansion in the pan-Arctic region. Abrupt permafrost collapse inside the shrub patches, which
subsequently leads to a rapid vegetation shift as shown in this thesis, might partly compensate the
impacts of the rapid shrub expansion in the lowland tundra. Therefore, taking into account the
abrupt permafrost collapse and the subsequent vegetation succession is critical for evaluating
climate change effects on the whole tundra ecosystem.
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Summary
Arctic ecosystems have been affected by severe climate change during the last decades. The
increase in temperature in the Arctic has been almost double of the global rate of warming since
the beginning of the 20th century. Like other ecosystems in the high latitude region, Arctic tundra
appears to be extremely sensitive to the continuous warming of the past decades, which has led
to dramatic vegetation changes such as rapid shrub expansion. While researchers are keen to talk
about the shrubification of the Arctic tundra, there has been rather little attention for alternative
vegetation shifts, such as those related to local permafrost collapse in lowland tundra. The general
vegetation succession route of the ice-rich lowland tundra ecosystem is yet largely unknown.
Therefore, we choose a typical Arctic lowland site (Kytalyk natural reserve) in the Northeastern
Siberia to explore how vegetation is changing in this ecosystem, and how changes in the abiotic
environment and vegetation succession interact.
On the basis of field observations I assumed that the plant species composition of each vegetation
patch at the study site changes continuously following cycles over time. To test this assumption,
two multiple-year field experiments (Chapter 2 and Chapter 3) were carried out. In addition, we
applied dendrochronological techniques (Chapter 4 and Chapter 5) and molecular tools (Chapter
4). On the basis of the results of these studies, I depicted a complete vegetation succession loop in
the Arctic lowland tundra, which is closely related to the dynamics of the permafrost. In this
vegetation succession loop, four stages with distinctive vegetation types have been identified.
The Betula nana L. shrubs mainly dominate the well-drained elevated areas. In a field experiment,
removal of B. nana shrubs resulted in abrupt permafrost degradation, rapid soil moisture increase
and invasion of the grass species Arctagrostis latifolia (R. Br.) Griseb. After a short time period,
when small ponds or drainages had developed, this fast-responding grass species is replaced by
Eriophorum sedges. In the subsequent stage the Sphagnum mosses invade the sedge vegetation.
The new Sphagnum moss carpets not only suppress the growth of Eriophorum sedges, but also
create moist but unsaturated substrates that appear to be appropriate for the germination of B.
nana seeds. These conditions provide new opportunities for B. nana shrubs to establish.
The reproduction mode of B. nana at the study site has been studied using molecular tools (microsatellites), as it may explain how existing B. nana patches developed and how shrub vegetation
may expand in the future (Chapter 4). The conventional point of view is that sexual reproduction
of perennial plants in the Arctic tundra, like B. nana, is rare due to the pressure of the harsh
environment. However, the results of our molecular study (Chapter 4) tell a different story. While
vegetative reproduction of B. nana is common, sexual reproduction of B. nana is more prevalent.
Seed dispersal of B. nana between different patches at the study site is not hampered by the short
between-patch distances, but vegetative reproduction of B. nana appeared to be restricted to 1-2
m distances from the parent plants.
The influences of the climate on B. nana shrubs were further investigated using the
dendrochronological analyses (Chapter 4 and Chapter 5). The radial growth of B. nana is positively
correlated with early summer temperature, while relatively high summer precipitation during the
warm years also stimulates the growth of B. nana. Moreover, sufficient summer precipitation
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facilitates the establishment of B. nana seedlings. Since sexual reproduction is prevalent at the site,
it is suggested that the present B. nana shrubs established simultaneously, during periods with
suitable climate conditions.
Along with the vegetation succession cycles, permafrost underlying the vegetation experiences
clear degradation-recovery cycles. We detected a close interaction between vegetation shifts and
permafrost dynamics. While abrupt permafrost degradation drove a quick vegetation shift from
the B. nana dominated stage to the water-logged Eriophorum sedge dominate stage, the changes
of vegetation cover affect the stability of the permafrost as well. The removal of B. nana shrub
cover triggered rapid permafrost degradation (Chapter 2), while the development of Sphagnum
moss carpets, which have a high isolation capacity, reduced permafrost temperature, facilitating
permafrost recovery (Chapter 3).
Vegetation composition in the Arctic tundra not only influences permafrost stability, but also
affects the methane emission of the site. Eriophorum sedges are able to transport methane from
deep soil to the air via their aerenchyma tissues, leading to high methane fluxes. In contrast, the
Sphagnum mosses significantly suppress the methane emission, since endophytic CH4-oxidizing
bacteria are widespread inside the aerobic unsaturated Sphagnum carpets (Chapter 3).
To sum up, our findings provide crucial information to better understand changes in the Arctic
tundra ecosystem, helping to obtain better predictions of future vegetation shifts and the
associated consequences for greenhouse gas emissions, permafrost stability and the heat balance
of the Earth surface.
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