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Abstract: Tundra is one of the most sensitive environments of the world in relation to climate changes,
since its ecosystems exist close to the limits of plant community tolerance. Besides, tundra vegetation in
most of Arctic regions resides on permafrost, which is thermally unstable media. Thus, vegetation and
frozen soils are extremely vulnerable to external impacts and are balancing in fragile thermodynamic
equilibrium. Thermal and moisture regime shifting lead to changing of thermophysical properties of
vegetation cover and thus, the thermal balance of underlying permafrost. In this study we present the
results of 2001-2024 in-situ monitoring of vegetation cover and permafrost conditions in remote region
of the Chukchi Peninsula, Russian Northeast. The study combines the yearly data on active layer
thickness and vegetation cover from two sites of Circumpolar Active Layer Monitoring (CALM) program
located within the key site of Eastern Chukotka Coastal Plains (ECCP). The study reveals long-term
trajectories of climate, permafrost, and vegetation cover characteristics. Although common biological
productivity was growing and active layer was thickening, the particular plant species respond to these
changes differently. On sloping plots, the increasing of active layer thickness (ALT) led to correspondent
lowering of the permafrost table, drainage of thawing ice and thus, soil drying, which caused the
decrease in moss and sedge covers. Meanwhile, within flat poorly-drained surfaces the permafrost
thawing contributes to soil moisture with correspondent sedge expansion. Thermokarst-affected terrain
triggers the growth of tundra vegetation bioproductivity and serves as a shelter for plants from Arctic
winds and facilitates higher snow accumulation.

Keywords: tundra; permafrost; climate change; Arctic; Chukotka

1. Introduction

Current climate changes are observed across the globe: global surface air temperatures
have increased to 1.1 °C in 2011-2020 in comparison with pre-industrial period (IPCC, 2023).
In the Arctic region climate shifts up to four times higher than global average (Rantanen et
al., 2022). The observed trends have inevitable impact on the Arctic environment, affecting
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its fragile balance. Numerous studies from different Arctic regions discover widespread
permafrost degradation (Noetzli et al, 2023) and associated phenomena: increase of the
active layer thickness (ALT), warming of the frozen rocks (Biskaborn et al., 2019; Kaverin et al.,
2021; Strand et al., 2021), activation of thermokarst, thermal erosion (Farquharson et al.,
2019), and thaw subsidence (O'Neill et al., 2023).

The vegetation in permafrost regions is both a sensitive indicator and a factor
determining the conditions of heat exchange of the atmosphere and the underlying rocks
(Tyrtikov, 1969). Vegetation and organic soil covers are as powerful regulator of permafrost
conditions as climate (Anisimov et al., 2015; Guo et al., 2018). The evolution of vegetation
cover as a result of climate warming can have a divergent effect on the depth of seasonal
thawing of the soil and the temperature of permafrost rocks. The development of shrubby
and woody vegetation can provoke positive feedback trapping more snow and thus,
increasing soil temperature in winter (Laberge & Payette, 1995; Liston et al.,, 2002). On the
other hand, growing shrubs shade the surface more strongly, reducing the temperature of
the soil surface in summer (Frost et al., 2018). Thus, thermophysical properties of the upper
soil and vegetation cover as well as surficial heat exchange conditions are important
components of all current numerical permafrost models (Druel et al., 2017). For instatnce,
Zhiltsova and Anisimov (2013) proposed an empirical-statistical model using bioclimatic
indices to calculate the position of the boundaries of the main biomes under particular
climate conditions. The use of such a model in conjunction with the analysis of the
normalized difference vegetation index (NDVI) made it possible at the regional level to
analyze the relationship of the biological productivity of Arctic natural zones with climatic
characteristics and to forecast changes in vegetation cover.

Vegetation response to the changing permafrost and climatic conditions was also
determined by organizing stationary (Moskalenko et al., 2014) and satellite (Stow et al., 2004;
Varlamova & Soloviev, 2012) monitoring observations, as well as using numerical modeling.
The interaction between vegetation and permafrost is an important factor determining the
nonlinear response of ecosystems to climate change. Thus, the prediction of the response of
vegetation to climate changes on decadal scale is problematic without considering the
relationship between vegetation and permafrost (Lloyd et al., 2003). The issue of identifying
such relationships is highlighted in phytoindication studies, which focused on searching for
plant species, plant communities and their combinations, which serve as indicators of
different natural processes (Ermokhina & Myalo, 2013; Lobotrosova et al., 2018).

The components of the environment that determine the functioning of plant
communities are often related to climatic changes, which is most clearly observed in the
Arctic. For example, the presence of the active layer and its thickness is closely related to the
climate, and its warming may lead to an increase in the coverage of shrubs in tundra
communities. Remote sensing methods revealed the movement of the forest-tundra
boundary northward (Bhatt et al,, 2013; Tishkov & Krenke, 2015) that was expressed in an
increase in the average value of the NDVI over the past decades (Liu et al., 2024). The
"greening” and “thickening” of the tundra also indicates the change of moss-lichen cover to
grass-shrub cover, which, in turn, affects the conditions of freezing and thawing of soils
(Myers-Smith et al., 2011; Tishkov et al., 2013).

The impact of global climate change on vegetation cover and its characteristics has a
regional character. It depends on the specifics of climatic changes, which are expressed in
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trends in temperature and precipitation indicators, and which differ significantly in space
(Valentini et al., 2020). While western North America has a relatively high number of field
vegetation studies on permafrost, Arctic tundra in Siberia is poorly studied (Heijmans et al.,,
2022). This study focuses on the region of Chukchi Peninsula, which is a remote
northeastern part of Asia. Monitoring studies of vegetation and permafrost have been
conducted here since the 2000s. These findings supported by weather station data and
testimonies of local residents, reveal rapid change in the natural environment of the studied
region. In this paper we present the evidence of long-term linkage between permafrost
degradation and tundra vegetation cover shifts induced by regional climate variations.

2. Materials and methods
2.1. Study area

The Chuckhi Peninsula is the northeastern tip of Russia. This is one of the most inaccessible
regions of the Russian Arctic. It is remote from both major logistics hubs and industrial
centers, therefore the anthropogenic impact on its territory is limited to the presence of a
dozen of indigenous communities. This area consists of flattened low mountains of the
Mesozoic folding surrounded by the quaternary coastal plains (Figure 1).
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Figure 1. Eastern Chukotka Coastal Plains (ECCP) study area (outlined by yellow).
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The subarctic marine climate determined the distribution of grass-shrub tundra vegetation
on the plains and the lichen tundra and barrens in the mountains. The study area is
characterized by a typical polar tundra climate type according to the Képpen-Geiger updated
classification system (Kottek et al, 2006). The permafrost has continuous distribution with
mean annual ground temperatures from -2 °C to —6 °C (Kolesnikov & Plakht, 1989). Permafrost
landforms are presented by patterned grounds and kurums in mountain areas, thermokarst
depressions and ice complex on plains and retrogressive thaw slumps in the coastal zone.
Detailed natural conditions of the region are presented in Maslakov, Zotova, et al. (2021).

The key study site is named Eastern Chukotka Coastal Plains (ECCP). It covers an area of
172 km? and it is located between Lavrentiya and Lorino communities. The relief is presented
mostly by fluvioglacial and marine plains and the adjacent low hills up to 300 m composed
of weathered schists and granites. Although ECCP has been the key plot for permafrost and
vegetation studies since 2019 (Maslakov, Egorov, et al., 2021; Maslakov, Zotova, et al., 2021),
the permafrost monitoring of ALT was initiated in 2000 (Abramov et al, 2027;
Zamolodchikov et al., 2004). Specific studies of transient layer of permafrost (Maslakov,
Egorov, et al,, 2021) and ground massive ice beds (Vasil'chuk et al., 2021) were organized to
establish patterns of permafrost conditions in surficial sediments of the ECCP.

There are two monitoring sites within ECCP, established in the framework of Circumpolar
Active Layer Monitoring (CALM) program (Brown et al., 2000): R-27 Laverntiya (since 2000)
and R-41 Lorino (since 2010). They have 100 x 100 meters square-shapes and represent
typical landscape conditions of the surrounding area.

Lavrentiya monitoring site is located 1.5 km NW from Lavrentiya village and occupies soft
slope (2-3° to NE) surface between a barren ridge and fluvioglacial plain. Its absolute height is
about 70 m. The surficial deposits are loams with boulders inclusion covered by thin peaty layer
up to 20 cm in thickness. Over 70% the plot is occupied by sedges, 9% is covered by willow-
sedge communities (Carex aquatilis var. minor Boott, Salix arctica Pall, S. reticulata L.) located
predominantly on hummocks, and 6% is covered by forb-sedge communities. The rest of the
area is open water. In general, the Lavrentiya site is characterized by a relatively low floristic
diversity, which may be due to its location on a slope of fluvioglacial plain composed of loams.

Lorino site is located on poorly-drained marine-glacial terrace covered by peaty deposits
up to 4 m thick. Approximately 70% of the site area is covered by sedges and 14% is open
water surfaces. Dry plots are occupied by blueberries (Vaccinium uliginosum subsp.
uliginosum), wild rosemary (Rhododendron tomentosum Harmaja) and birches (Betula
glandulosa Michx.). These species are not typical of Lavrentiya, indicating a higher degree of
microrelief development at the Lorino site, since the listed species grow mainly on
hummocks. Sedge sphagnum communities and dwarf shrubs cover 3% and 2% of the plot,
respectively. According to Circumpolar Arctic Vegetation Map (Raynolds et al., 2019), both
CALM sites represent tussock-sedge, dwarf-shrub, moss tundra (G4) and sedge, moss, dwarf-
shrub wetland (W2), covering almost 25% of ECCP area (Maslakov et al., 2019).

2.2. Climate and active layer data

Assessment of climate change impact on natural ecosystems is based on the idea that the
conditions of existence of a particular biome are determined mainly by heat supply during the
growing season, the severity of winters and moisture availability (Anisimov et al., 2011; Titkova &
Vinogradova, 2015). Thus, climate and permafrost dynamics data were analyzed since early 2000s.
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The measurements of ALT within both CALM monitoring sites are organized according to
standard CALM protocol (Brown et al,, 2000). Every site is a 100 x 100 meter grid with 121
measurement nodes, located 10 meters from each other. Thaw depth is defined by penetrating
thawed ground by steel rod until permafrost table with accuracy of 1 cm. The measurements
are conducted monthly during thawing period (June-September) to trace both intra-annual
and inter-annual ALT dynamics. The maximum ALT of the year was measured in the
September, while the ALT confined to vegetation peak cover was measured in late July.

Climate data were retrieved from the nearest weather station located in Uelen
community (66°10'N, 169°50'W; WMO ID: 25399) 87 km north from ECCP. Daily temperature
and precipitation data (AISPRI, 2024) were used to calculate the amount of precipitation and
the sum of positive daily air temperatures for warm seasons of 2000-2023. The warm season
is defined as a period with steady positive air temperatures. It corresponds to the period of
soil thawing and active layer development; therefore, the sum of positive daily air
temperatures is called Degree Days of Thawing (DDT; Nelson & Outcalt, 1987). This
parameter corresponds well with ALT with different soil and vegetation conditions and is
widely used in permafrost studies (Christiansen, 2004).

2.3. Methods to establish variability of vegetation cover at the local level

The composition of vegetation and plant abundance are recorded at the CALM sites annually
from 2002 to 2023 in late July to early August, at the peak of vegetation, using the horizontal
projection method. The following vegetation fractions are determined within the sites: Salix
spp., Rubus chamaemorus L., Vaccinium vitis-idaea L., Empetrum nigrum L., Carex spp., Carex
spp. (dry), Petasites frigidus (L.) Fr., Sphagnum spp., other vascular plants, other mosses, and
lichens (various). Due to the larger plant diversity, additional species are identified at Lorino
site:  Rhododendron tomentosum Harmaja, Betula glandulosa Michx, and Vaccinium
uliginosum L. The projective cover of the above mentioned plant species/genera is calculated
at each grid node with special 40 x 40 cm frames (121 calculations for each CALM site). The
frame grid is divided into parts reflecting 50, 25, 16, 5, 4 and 1% of its area, which allows for
sufficiently objective and reliable determination of the projective cover of plants, as well as
the analysis of their ratio. Data collection for CALM-Lavrentiya has been conducted since
2002, and for Lorino since 2013, which makes it possible to assess the long-term dynamics of
the vegetation cover. Collected data are presented in Tables 3a and 3b.

The trends of long-term observations data (vegetation, ALT and weather parameters)
were calculated in MS Excel software using least squares method. The trend line type (linear,
polynomial, etc.) choice was determined by the maximum determination coefficient (R°).

2.4. Calculation of NDVI for ECCP

To find the most representative images covering the study area on the Chukotka Peninsula, it
was necessary to determine the period of the peak of vegetation for each of the years under
consideration. To solve this problem, low-resolution NDVI index images presented on the
EarthExplorer portal were analyzed. The peak of vegetation was taken to be the dates that
corresponded to the maximum NDVI values for each year from 2000 to 2023 within the ECCP.
For 2002-2022, the portal archive contains products with the NDVI index calculated from
images of the MODIS sensor of the Terra satellite. However, for 2000 and 2001 only the data
from the NOAA-14 meteorological satellite was found. To analyze the peak of vegetation
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activity in 2023, the products of the EROS satellite (VIIRS sensor) were used, since the portal
does not have images of the MODIS sensor obtained after October 1st, 2022. Each image
contains the vegetation index values averaged over six days; images for 2023 are formed
similarly to the MODIS sensor images, showing NDVI values averaged over every six days.
The use of such averaged index images is the most convenient for assessing the interannual
variability of vegetation activity.

As expected, the average peak of vegetation in the study area occurs at the end of July —
beginning of August. However, inter-annual variability was detected: the dates of the peak
of vegetation activity in the period from 2000 to 2023 can vary from July 15-21 to August
13-19 (Table 1a). For each year, Landsat satellite images covering the territory of ECCP were
selected. Landsat 7 images are available for all required years, Landsat 8-9 satellite images
are available for 2013 and later. Landsat-5 satellite images available for 2005-2008 and
2010-2011 were also considered. Thus, the number of available images varies both for the
vegetation period and for the days corresponding to the peak of vegetation (Table 2a).

Since most of the images were taken under very high cloud cover (Table 2a), it was not
possible to find cloud-free images taken during the peak of vegetation for the particular years.
No cloud-free images were found for 2001, 2014, 2017, and 2020. More than 60% of all the
selected images (15 out of 24) correspond to the identified vegetation peaks by date or were
taken within three days from its beginning or end. Two more images differ from the vegetation
peak by no more than six days (2017 and 2023). Finally, in seven cases, it was not possible to
find cloud-free images for dates close to the peak of vegetation activity; the difference in the
date of surveying the area and the onset of the peak ranges from 10 days to three weeks.

3. Results
3.1. Active layer thickness, air temperature, and precipitation variability

The warm season on Chukchi Peninsula usually lasts from the beginning of June till the end of
September. Figure 2 presents the dynamics of the sum of positive daily temperatures by the
peak of vegetation and for the whole warm season for 2001-2022. Although there is large
amplitude between warm and cold summers (min. 401 °C, max. 1027 °C), there are no
significant interannual trends. However, the warm and cold waves are clearly distinguished on
the graph. Warm periods with accumulated DDT over 700 °C are 2002-2007 and 2014-2020;
cold periods with DDT under 700 °C are 2008-2013 and 2021-2022 (continuing till 2024). The
precipitation amount varies significantly from year to year. The driest summer was observed
in 2018, with only 10 mm of precipitation; in contrast, 130 mm of precipitation was observed in
2021. Although there is an uplifting trend on summer precipitation amount (Figure 2), its
interannual variability does not allow to state about its statistical significance.

It is noteworthy that although current weather characteristics have no directed trends
since 2000s, there is clear warming for this territory, observed since 1950s (Maslakov et al.,
2020). Mean annual air temperatures have been increasing since that time by 0.6-0.7 °C per
decade with recent acceleration to 1.1-1.2 °C per decade since 1990s. These changes are
contributed mostly by increasing of winter air temperatures. However, summer thermal
conditions have also changed significantly: average accumulated DDT for 1950-1970 for
Uelen weather station was 498 °C, while for 2000-2020 it was 704 °C. Thus, since the middle
of the 20th century, summers on the Chukchi Peninsula have become warmer by 30%, which
had effects both on permafrost and vegetation conditions.
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Figure 2. The variations of accumulated sum of precipitation for peak of vegetation (Precip veg), sum of
positive air temperatures for peak of vegetation (DDT veg), and for the whole warm season (DDT max)
for 2001-2022 at Uelen weather station.

Note. Dashed lines are linear trends with correspondent equations and determination coefficients.

The results of the ALT measurements are shown in Figure 3. Maximal seasonal thawing
depth for Lavrentiya CALM site vary from 59 to 78 ¢cm, while for Lorino interannual variations
they are 47-66 cm. The linear trends for both sites are uplifting. However, for the recent four
years (2021-2024) ALT decreases drastically.

90

—o— R-27 Lavrentiya —@— R-41 Lorino —{—R-27 veg O R-41veg

80 A
y = 0.3731x — 683.31
ol R A AN e e A S

60

ALT (cm)

50

40

y = -0.8833x + 1827.2
R* = 1767

20 T T T T T T T T T T T 1
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024

30

Figure 3. Active layer thickness dynamics on Lavrentiya and Lorino CALM sites for 2000-2024.
Note. Dashed lines are linear trends with correspondent equations and determination coefficients. The
orange and blue lines "R-27 veg” and "R-41 veg" represent ALT dynamics confined to vegetation activity
peak (late July—early August) for Lavrentiya and Lorino CALM sites, respectively.

The warm and cold waves noted in Figure 2 are also reflected in ALT dynamics for both
CALM sites. The correlation coefficient (R) between ALT and DDT square root for both sites
is .81-.83, which reveals good consistency between summer thermal characteristics and soil
thaw depth. This is a common pattern for many other CALM sites from all over the world
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(Kaverin et al., 2021). The thaw depths variations confined to vegetation peak are also
represented on Figure 3 (R-27 veg and R-41 veq). The linear trends for both CALM sites are
negative, but statistically insignificant (p > .05). Apparently, there is no notable long-term
dynamics is vegetation peak ALT, while maximal ALT is following summer thermal waves
with slightly increasing long-term trend.

3.2. Vegetation variability within CALM sites

In order to avoid subjective distortions, the projective cover analysis was performed for
2013-2024. The average total projective cover within CALM sites during 2013-2024 is 48%
for Lavrentiya site and 67% for Lorino. The maximum projective vegetation cover (excluding
dry sedges) for Lavrentiya was about 68-74% and it was detected in 20152016, while for
Lorino site it was 67% in 2018 (Figure 4). Minimal vegetation cover extent was detected in
2023-2024 for both sites (38-40%). Thus, extreme values of total vegetation cover
correspond to summer thermal waves (Figure 2).
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Figure 4. Projective cover within CALM sites of ECCP.

The long-term variations of the projective cover of particular plants or their groups were
considered for both CALM sites. The years with data that significantly deviates from the
average values (in several times within adjacent years) were excluded from the analysis as
distorted by subjective assessment.

The year-to-year variations of predominant plant species/genera for both CALM sites are
shown in Figures 5 and 6. Significant decrease in the projective cover of sedges was revealed
within Lavrentiya site (Figure 5), while shrinking of willows cover was detected only for
2002-2007 with further stabilization. Sphagnum cover variations are fragmented, but well fit
within the 2nd polynomial trend (R° = .95) with the period of shrinking cover in 2005-2012,
minimal extent in 2012-2017, and then expanding in 2017-2024. The rest of plant species
occupy minor spaces and did not represent significant changes.

For Lorino site predominant plant species/genera demonstrate divergent trends in
projective cover. Thus, sedges cover is slightly increasing, while lichens are shrinking with
statistically significant trend. The projective cover area of dwarf birch (Betula glandulosa
Michx.) may serve as a good indicator of heat supply since it has good correspondence with
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2nd polynomial trend demonstrating its highest values for 2016—-2020, which coincides with
warm wave. The crowberry (Empetrum nigrum L), cowberry (Vaccinium vitis-idaea L),
blueberry (Vaccinium uliginosum L), and wild rosemary (Rhododendron tomentosum
Harmaja) combined into evergreen shrubs, as well as cloudberry (Rubus chamaemorus L.)
and sphagnum covers did not express significant changes (Figure 6).
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Figure 5. Variations of vegetation cover of predominant plant species/genera within Lavrentiya site (%).
Note. Data for Sphagnum is given for secondary axis.
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Figure 6. Variations of vegetation cover of predominant plant species/genera within Lorino site (%).

3.3. Changes of NDVI for 2001-2023

The results of calculating the NDVI values are presented in Table 3a. The results for 2001 and 2017
are significantly out of the range since these images are characterized by high cloud coverage.
Therefore it was not possible to correctly calculate the NDVI values from them. The standard
deviation values of NDVI are .15 + .03, which indicates the comparability of the obtained results.
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The long-term variability of the average NDVI values is shown in Figure 7. In addition to
high cloud cover issue, the NDVI calculation results were also affected by some images with
dates being too early or too late relative to the vegetation peak (Tables 1a, 2a). Thus, the image
date differs from the vegetation peak by more than six days for 2010 and 2020 (too late) and
for the period 2012-2014 (too early). These data were excluded from further analysis. Figure 7
shows a general upward trend in NDVI with R = 46. In less timescale, a slight downward trend
in NDVI values was noted in 2005-2014, which was then replaced by an upward trend in
2014-2023, which generally coincides with revealed summer heat and cold waves (Figure 2).
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Figure 7. Variability of NDVI values calculated from Landsat satellite images for ECCP.

4. Discussion
4.1. Permafrost and vegetation interaction within CALM sites

As shown in Figure 2, the variations in temperature and precipitation of the summer seasons
are divided into short-term heat and cold waves. The latter include seasons with high
precipitation, such as 2010, 2011, and 2021. The variations in summer heat and moisture
conditions are reflected in changes in the projective cover of vegetation at the CALM sites.
Thus, the total projective cover of vegetation (Figure 4) had been increasing until the
summer of 2018, and then gradually decreasing from 2019, recording its highest values
during the period of the warm summers.

The detailed analysis of the projective cover variations of particular vegetation species
revealed local differences in the moisture and heat supply conditions at both CALM sites.
Thus, the Lavrentiya site is characterized by decreasing in coverage of mosses acting as
moisture indicator in 2005-2013, followed by its expanding in 2016-2024. At the same time,
hydrophilic sedges also showed the decrease in projective coverage from 2005 to 2024, i.e,,
during almost the entire observation period. The dynamics of the projective covering of
willows, which depend rather on air temperature than on humidification, shows a slight
decrease in this indicator in 2002-2011, and then the absence of significant trends until 2024.
Another confirmation of gradual soil desiccation is the variation of dry sedges coverage,
which demonstrates a remarkably increasing trend (Figure 8). Until the summer of 2008, dry
sedges cover was slightly decreasing, and after that it was a steadily increasing. At the same
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time, the maximum depth of seasonal soil thawing had been increasing continuously from
59-65 cm in 2001-2004 up to 75-78 cm in 2018-2021 (Figure 3), despite the absent long-
term trends in DDT variations (Figure 2). Considering the location of CALM Lavrentiya site on
a gentle slope, melted ground ice from the foot of the active layer and transient layer of
permafrost drained downhill, leading to irreversible surface settlement (Maslakov et al,
2019). The gradual lowering of the permafrost table, which serves as local waterproof level,
contributed to the desiccation of the upper soil layer.

Thus, the phytoindication features combined with the ALT monitoring results, demonstrate
a long-term stable trend towards decreasing of soil moisture at CALM Lavrentia site from
approximately the mid-2000s to the present. At the same time, short-term heat and cold
waves in summer periods correct this trend. From approximately 2010 to 2018, a slight
decrease in moisture was noted, which is manifested in a decrease in the projective cover of
mosses and an increase in the proportion of dry sedges at the site. Since 2018, a simultaneous
decrease in the heat supply of the summer period from 900-1000 °C to 400-500 °C and an
increase in the amount of summer precipitation have been observed, which is reflected in a
further decrease in the projective cover of sedges and an expansion of the moss cover area.
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Figure 8. Variations of dry sedges cover (%) for Lavrentiya and Lorino CALM sites.

Unlike Lavrentiya, Lorino CALM site is located on a poorly drained surface with peaty
soils and a developed hummocky microrelief. Despite the higher ALT increasing rate here,
the shorter observation period (2013-2024) does not allow us to confidently identify distinct
long-term trends in vegetation cover of particular plants. The most pronounced trend is
represented by lichen cover shrinking, which may be interpreted as the increase of soil
moisture. However, the coverage of sphagnum, serving as indicator of increased soil
moisture, is also slightly decreasing. Only sedges and dry sedges projective covers have
demonstrated the increase for the observed period. Overall, in poorly-drained Lorino site
environment the processes of permafrost degradation did not lead to noticeable soil
desiccation. Melted ice from the transient layer of permafrost contributes to soil moisture.
Besides, increased active layer may facilitate better soil conditions for biological activity and
plant roots development. In this case, the permafrost degradation is a rather positive factor
for biological productivity of plants. Similar results were noticed at the islands of High Arctic
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(Mikhailov, 2020), where degradation of ice complex leads to different trajectories of the
vegetation development depending on draining conditions.

4.2. NDVI variations and in-situ vegetation studies

The calculated NDVI values at the peak of vegetation clearly demonstrate a long-term
upward trend. Even despite the relatively cool (both dry and rainy) summer seasons of
2020-2022, accompanied by ALT thinning, bioproductivity was higher than in the relatively
warm seasons of 2004-2007. This pattern allows us to assume that another factor that
affects bioproductivity. In our opinion, this is the factor of degrading permafrost.

On one hand, on sloping and well-drained areas (such as CALM Lavrentiya) the increase
of ALT leads to correspondent lowering of the permafrost table and drainage of melted ice.
On the other hand, on flat surfaces (such as CALM Lorino) the ice thawing from the transient
layer contributes to soil moisture. Such contribution is more expressed in a dry summer
season, e.g., 2020, when low precipitation amount, combined with average DDT value
resulted in the highest value of NDVI for the observed period. In the neighboring region of
the Seward Peninsula (Alaska, the U.S.) the study of ALT and drainage conditions effect on
vegetation revealed that warming-induced tree and shrubs propagation is limited by the
availability of well-drained microsites (Lloyd et al, 2003). Based on these findings, we
suppose that further climate warming will facilitate intensive shrub development on well-
drained sites such as drainage channels and hollows banks.

Figure 9. Thermokarst affected terrain, located 3 km south from Lavrentiya community.
Note. The hollow is covered with dense sedges cover and surrounded by hills, covered with willows.

Besides, observed active layer thickening causes widespread thermokarst and thaw
subsidence development, observed in different permafrost regions in common and in ECCP,
in particular. We do not have quantitative assessment of areas experiencing these processes
or its velocity, but some preliminary observations make us conclude that plots with
thermokarst-affected terrain have higher grasses and more diverse plant communities than
in flat undisturbed surfaces (Figure 9). In this case, differentiated relief serves as a shelter for
plants from Arctic winds and facilitates higher snow accumulation. The revealed patterns in
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common correspond to the field reports from other regions of the Arctic (Heijmans et al.,
2022). The obtained results are in line with the recently published global studies of ALT and
NDVI correspondence (Yang et al, 2024). Weak positive trends in NDVI and ALT are
characteristic for the whole Northeastern Asia region. Besides, for the tundra environments
temperature changes have higher influence on vegetation greening than precipitation does.

4.3. Predicted estimations of permafrost and vegetation evolution in the 21st century

According to estimations of CMIP6 simulations (IPCC, 2023), the global air temperatures
increase will reach 1.0-5.7 °C by 2080-2099. For the Arctic latitudes, these values may be
twice or triple higher. In this case, the ongoing permafrost thawing trends will continue.
According to our previous estimations (Maslakov et al., 2019), ALT in Chukchi Peninsula will
increase by the end of the 21st century up to 87% from current values. The melting ice from
the transient layer of permafrost will facilitate soil surface lowering with rates of 0.4-3.7 cm.
Total soil subsidence will vary from 50 to 250 cm, depending on climate scenario. Our
estimations are higher than recent results obtained from North Alaska (Painter et al., 2023;
Wang et al, 2023) since we used simple empirical model disregarding ice distribution in
permafrost section and the effect of drying of tundra landscapes.

The mentioned changes will lead to a profound shifting of the vegetation structure of
Chukchi Peninsula. We assume that climate warming will cause abrupt permafrost thaw and
consecutive thermokarst and thermal erosion landforms development. Deepening of
hollows and ravines in sloping areas will contribute to further soil desiccation and thus, the
development of shrub and appearance of tree cover in these environments, mostly
represented by willows. Similar processes have been observed on Seward Peninsula located
150 km to the east from ECCP (Lloyd et al.,, 2003). Within poorly drained plots, a lush growth
of sedges is expected without changing of vegetation structure. Besides, we expect the
boundaries of altitudinal vegetation zones to grow. However, the quantity estimations of
expected changes are unclear due to the lack of current observation data in this region.

5. Conclusion

In this paper we considered long-term variations of weather parameters, active layer
thickness, and vegetation cover in remote Arctic site of ECCP (Chukchi Peninsula, Russian
Northeast). The vegetation cover was assessed both from satellite imagery and from in-situ
field monitoring. Our studies revealed complex interactions between vegetation and
degrading permafrost on the background of climatic shifts:

o Air temperature in Chukchi Peninsula region had been increasing since the 1950s resulting
in doubling of summer heat supply in 2000-2020 in comparison with 1950-1970. In the
last decades short-term variations were observed: warm periods were 2002-2007 and
2014-2020; cold periods were 2008-2013 and 2021-2024. Summer precipitation amounts
varied significantly from year to year and did not reveal long-term patterns;

e Observed climate changes affected permafrost conditions facilitating ALT thickening with
average rates of 0.3-0.9 ¢cm per year. Permafrost thawing leads to the increase of terrain
dissection and formation of thermoerosional and thermokarst landforms. These
tendencies have consecutive effects on tundra vegetation cover;

¢ On sloping areas, such as CALM Lavrentiya site, the increase of ALT for the last 23 years
led to the correspondent lowering of the permafrost table, drainage of thawing ice and
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thus, soil drying. It caused the decrease of moss and sedge covers and increase of the
ratio of dry sedges;

e On flat poorly-drained surfaces, such as CALM Lorino site, the ice melting from the
transient layer does not drain completely and contributes to soil moisture, especially in
dry summer seasons; and

e Commonly, permafrost degradation, combined with summer warming, has positive
effects on the increase of biological productivity of tundra plant communities. In addition
to extra moisture from thawing transient layer, thermokarst-affected terrain serves as a
shelter for plants from Arctic winds, facilitates higher snow accumulation and creates
conditions for shrubs growing on drained soils.
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Appendix

Table 1a. The seasons of vegetation activity peak for 2000-2023 based on NDVI information

Year Vegetation activity peak Source
2000 July 20-25 NOAA CDR
2001 July 30-August 04 NOAA CDR
2002 July 23-29 eModis NDVI V6
2003 July 30-August 05 eModis NDVI V6
2004 July 15-21 eModis NDVI V6
2005 July 23-29 eModis NDVI V6
2006 August 06-12 eModis NDVI V6
2007 August 13-19 eModis NDVI V6
2008 August 05-11 eModis NDVI V6
2009 August (06) 13-19 eModis NDVI V6
2010 August 13-19 eModis NDVI V6
20M July 30-August 05 eModis NDVI V6
2012 July 22-28 eModis NDVI V6
2013 July 23-29 eModis NDVI V6
2014 July 30-August 06 eModis NDVI V6
2015 July 23-29 eModis NDVI V6
2016 July 29-August 04 eModis NDVI V6
2017 July 30-August 05 eModis NDVI V6
2018 July 23-29 eModis NDVI V6
2019 July 30-August 05 eModis NDVI V6
2020 July 22-28 eModis NDVI V6
2021 July 30-August 05 eModis NDVI V6
2022 July 30-August 05 eVIIRS
2023 August 13-19 eVIIRS

Table 2a. Landsat satellite images for ECCP for July and August of 2000—-2023 selected for the study
Total number of Number of cloudless Selected images

Year images for July-August  images for July-August Date of the image Source
2000 10 2 17.07.2000 Landsat-7
2001 9 1 (+2 with light cloud 05.08.2001 Landsat-7
cover throughout)
2002 9 2 (1 with light cloud 23.07.2002 Landsat-7
cover throughout)
2003 6 1 27.08.2003 Landsat-7
2004 12 5 26.07.2004 Landsat-7
2005 10 6 29.07.2005 Landsat-7
2006 21 5 24.07.2006 Landsat-5
2007 25 7 21.08.2007 Landsat-5
2008 1 5 08.08.2008 Landsat-7
2009 7 2 09.08.2009 Landsat-5
2010 10 1 22.08.2010* Landsat-7
201 18 2 15.08.2011 Landsat-7
2012 8 2 09.07.2012* Landsat-7
2013 23 2 13.07.2013* Landsat-8
2014 17 1 (partly with clouds) 07.07.2014* Landsat-8
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Table 2a. Landsat satellite images for ECCP for July and August of 20002023 selected for the study
(continued)

Vear Total number of Number of cloudless Selected images
images for July-August  images for July-August Date of the image Source
2015 21 4 02.08.2015 Landsat-8
2016 20 6 04.08.2016 Landsat-8
2017 19 1 (partly with clouds) 24.07.2017 Landsat-8
2018 19 2 25.07.2018 Landsat-8
2019 18 4 06.08.2019 Landsat-8
2020 19 1 08.08.2020* Landsat-8
2021 23 3 (+1 with fight cloud 04.08.2021 Landsat-8
cover throughout)

2022 37 2 28.07.2022 Landsat-9
2023 37 3 09.08.2023 Landsat-9

Note. Data marked with an asterisk (*) are attributed to the dates differing from the vegetation peak by
more than 6 days.

Table 3a. Results NDVI calculations based on Landsat satellite images for 2001-2023 for the ECCP key area

Year Cloudness (%) Average NDVI Median NDVI Standard deviation NDVI
2000 66.00 39 43 14
2001 1.00 .06* .05* .04*
2002 35.00 45 .50 15
2003 50.00 39 44 13
2004 18.00 .36 40 18
2005 6.00 46 52 15
2006 0.00 44 49 15
2007 23.00 A 46 14
2008 6.00 43 47 14
2009 2.00 42 48 15
2010 20.00 42 48 15
201 33.00 47 .53 16
2012 3.00 41 45 13
2013 50.00 39 42 16
2014 471 36 40 15
2015 44.47 52 .58 15
2016 1.62 .51 .57 15
2017 86.53 .05* .05* 02*
2018 32.82 42 49 a7
2019 50.74 .52 .59 16
2020 89.84 49 .56 18
2021 15.70 .51 .56 15
2022 82.33 Y 46 16
2023 65.94 43 49 18

Note. Data marked with an asterisk (*) are attributed to the images with a significant proportion of
cloudiness.
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