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Abstract

:

Rapid Arctic warming is expected to result in widespread permafrost degradation. However, observations show that site-specific conditions (vegetation and soils) may offset the reaction of permafrost to climate change. This paper summarizes 43 years of interannual seasonal thaw observations from tundra landscapes surrounding the Marre-Sale on the west coast of the Yamal Peninsula, northwest Siberia. This robust dataset includes landscape-specific climate, active layer thickness, soil moisture, and vegetation observations at multiple scales. Long-term trends from these hierarchically scaled observations indicate that drained landscapes exhibit the most pronounced responses to changing climatic conditions, while moist and wet tundra landscapes exhibit decreasing active layer thickness, and river floodplain landscapes do not show changes in the active layer. The slow increase in seasonal thaw depth despite significant warming observed over the last four decades on the Yamal Peninsula can be explained by thickening moss covers and ground surface subsidence as the transient layer (ice-rich upper permafrost soil horizon) thaws and compacts. The uneven proliferation of specific vegetation communities, primarily mosses, is significantly contributing to spatial variability observed in active layer dynamics. Based on these findings, we recommend that regional permafrost assessments employ a mean landscape-scale active layer thickness that weights the proportions of different landscape types.
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1. Introduction


The active layer refers to horizons at and near the ground surface in permafrost-affected soils that freeze and thaw annually. Active layer thickness (ALT), or the maximum depth of annually thawed soil, is a critical parameter for ecosystems and hydrological processes in permafrost terrain that interact with and are dependent on this dynamic soil zone. With the effects of global climatic change amplified in the high latitude regions [1,2], the response of the permafrost system, and specifically ALT, to climate change is of considerable interest to a variety of scientific and engineering applications [3,4,5].



Climate is understood as a first-order control on both permafrost and ALT. It is therefore assumed that as air temperature increases, permafrost will warm and thaw, corresponding to a thickening of the active layer. Many broad-scale modeling studies have focused on potential permafrost responses to projected climate changes using the Intergovernmental Panel on Climate Change (IPCC) scenario approach. Such studies suggest an anticipated progressive increase in active layer thickness across the rapidly warming Arctic [6,7,8]. These regional to circumarctic projections have important implications for biological and hydrological processes [9,10,11], which can significantly impact the function of terrestrial ecosystems. Moreover, it has been recognized that active layer thickening can intensify the production of biogenic methane and carbon dioxide [12,13], which, when introduced into the atmosphere, can fuel a positive feedback mechanism, further promoting warming [14,15].



However, observational evidence suggests that although warming is generally occurring throughout the circumpolar north [2], the long-term active layer trends are less directly linked to increasing air temperatures. While active layer thickening trends are reported from Scandinavia [16], Russian [17], and Alaskan [18] sub-Arctic sites, a number of Arctic monitoring sites demonstrate relative ALT stability and, in some instances, a decrease in ALT, despite atmospheric warming [3].



The observed decoupling of the active layer from air temperature trends indicates that this relationship between the ground thermal regime and climate is complicated by vegetation dynamics, snow thickness, precipitation timing and duration, as well as substrate properties, such as soil texture and moisture, and possibly other landscape-specific factors [19]. Moreover, ongoing pronounced changes in Arctic ecosystems in response to changing climate result in numerous positive and negative feedbacks [20] that can significantly affect the sensitivity of the active layer to climatic variability and change. At present, the role of landscape evolution in active layer change is not fully understood due to the limited amount of empirical information.



In this paper, we present the results of long-term active layer observations from a representative sample of permafrost-affected landscape units characteristic of typical tundra of the western part of the Yamal Peninsula in West Siberia. The analysis is focused on the role of soil moisture, ground ice, and vegetation dynamics impacting observed active layer trends.




2. Study Area


The Marre-Sale Polar Research Station is located on the west coast of the Yamal Peninsula in Western Siberia (Figure 1). Permafrost monitoring was initiated at the Marre-Sale site in 1978 by the Institute of Hydrogeology and Engineering Geology of the USSR (VSEGINGEO). Since 1995, consistent, systematic monitoring has been conducted in a variety of tundra landscapes surrounding the station by Earth Cryosphere Institute researchers. Tundra here is made up of a variety of dwarf shrubs, mosses, and lichens typical of bioclimatic subzone D [21,22]). All monitored tundra sits on the third marine terrace from 20 to 24 m.a.s.l. dissected intermittently by gullies, with some drained lake basins and thermokarst lakes up to 10–15 m deep. The northern portions of the area studied are located on the flood plain of the Marre-Yakha River from 0.1 to 1.5 m.a.s.l.



Permafrost and periglacial processes are widespread in northwest Siberia, and the Yamal Peninsula is underlain by continuous permafrost [23,24]. The permafrost temperature at 10 m depth varies from −4.8 to −3.5 °C depending on specific landscape conditions. For instance, the tundra landscapes in the region, with the exception of sand blowouts, have peat layer(s) present. The general stratigraphic profile for this site includes marine loam to clay horizons accumulated during the Middle Weichselian (MIS 3) and Eemian (MIS 5), overlain by fine-grained silty sands from the Late Weichselian (MIS 2), topped by a Holocene sands cap [25].



Landscapes here are dominated by herbaceous covers, including mosses, lichens, and sedge varieties, with intermittent dwarf and Salix shrubs up to 0.4 m in height typical of sub-Arctic [26] or low Arctic [27] tundra. The primary landcovers found on interfluves are sandy blowouts with little or no vegetation (#6 according to [24]) and well-drained flat tundra overlying sand (#6a); each of these occupies approximately 5% of the study area. Well-drained polygonal tundra on sand (#6b) occupies approximately 20% of the area, and an additional 5% is covered by moist and wet flat tundra (#6v) and another 5% by moist polygonal tundra (#6g) (largely dwarf shrubs and grasses covering loamy sands). Azonal landscapes include the wet river floodplain (#3d) occupying 34% of the area, peat bogs (#3b) occupying 18%, and gullies/water tracks (#2v) and polygonal peatlands (#4v) occupying 4% each.




3. Materials and Methods


The active layer is measured at the end of August when seasonal ground thaw approaches its maximum depth by mechanically probing the ground with a 180 cm graduated metal probe. Active layer thickness is regularly measured across 16 (10 × 10 m) sites established in 1978, representing the variety of tundra landscapes surrounding Marre-Sale. Each of these 10 m sites consists of two transects crossed perpendicularly. Prior to 2020, a total of 10 measurements were taken at 2 m intervals along each transect. After 2020, 21 active layer measurements were taken at 1 m intervals across these transects. A 1 km2 grid covering a mosaic of typical tundra types was established in 1995, where six active layer measurements are conducted at 121 grid nodes consistently spaced every 100 m. This 1 km2 grid is part of an international network of standardized monitoring sites called the Circumpolar Active Layer Monitoring (CALM) program [28]. The international CALM program code for the Marre-Sale grid is R3.



Soil moisture is also measured annually since 2016 at eight of the 10 m landscape sites using handheld drills. Hand-drilled cores are sampled at 10 cm intervals for average soil moisture content. Additional sampling was performed in 2002 at all the R3 CALM grid nodes for volumetric moisture content and bulk density of mineral and organic (peat) materials, and moss thickness. Moss thickness measures were repeated across the R3 CALM grid in 2021. Moss studies conducted in the last few decades were intended to complement Sphagnum thickness and abundance studies conducted when permafrost and active layer monitoring were originally established in 1978 and 1989 [29].



Permafrost temperature measurements were conducted using a series of 10 m boreholes located in dominant landscape conditions from 1978 to 2022. Water and ice content within the active layer and permafrost were determined in 1978 from cores obtained when thermometric boreholes were drilled.



Data on daily temperature, precipitation, and snow thickness are available from the Marre-Sale weather station. The compiled meteorological record for this station allowed long-term climatic change estimations and assessment of spatial and temporal variability of active layer thickness in dominant landscapes.




4. Results


4.1. Changing Climate Conditions at Marre-Sale


Mean annual air temperature has increased from −9 °C to −5 °C from 1970 to 2020 at a linear rate of 0.08 °C/year. Mean summer temperatures also warmed over the same time period from 4.4 °C to 7.3 °C at a rate of 0.05 °C/year. Degree days of thawing (DDTs), or the sum of positive daily temperatures accumulated over a year) is understood to be a major control acting on active layer development [30]. Extremely warm summers recorded by the Marre-Sale weather station were in 2012, 2016, and 2020, affording much higher DDTs. DDTs have increased from fewer than 500 on average during the 1970s, to almost 1000 on average in the 2010s, to DDT values in excess of 1100 in 2016 and 2020 (Figure 2). Increasing DDT values can be attributed to both increasing summer temperatures and the extended duration of the warm summer period. Overall, the duration of the thawing period has increased by more than 20 days. Precipitation and snow cover thickness have also increased at rates of 1–3 mm/year and 1.8 cm/year, respectively, over the same period of observation.




4.2. Regional Active Layer Thickness Trends


Due to the high spatial heterogeneity of active layer thickness, it can be difficult to infer regional trends based on what are usually limited numbers of records from very few observational sites. Active layer comparisons should also be made between sites representative of similar landscape units [31]. Active layer estimations are all the more challenging across extensive regions such as the Yamal Peninsula, which has a complex mix of dominant tundra landscapes controlled by broad bioclimatic zonality and azonal landscape units formed under more localized environmental factors. The long-term sampling strategy based out of the Marre-Sale Research Station considers all of these challenges, particularly given the array of sites in the 16 regional landscape units. These records allow observed active layer trends to be spatially integrated regionally by employing a weighted average for active layer thicknesses according to the relative areas occupied by each landscape unit within the region. This long-term, regional active layer trend is shown in Figure 3 compared to the trend based on observations across the CALM R3 site established in an effort to also capture regional landscape variations across its 1 km2 grid.



Over the 1978–2021 period, the regional active layer thickness increased from 87 to 101 cm. Both the regional weighted average and CALM R3 site records demonstrate similar interannual variability and positive active layer thickness trends. This result supports the idea that regional interannual variability and trends can be adequately inferred based on observations from a single representative site if sufficiently large and inclusive of a variety of dominant landscapes. However, annual observations from the CALM R3 site are consistently 8 to 29 cm thicker than the weighted average based on small landscape-specific sites. For logistical reasons related to access and effective measurement by mechanical probing, the 1 km2 CALM R3 grid was established to avoid lakes and particularly wet lake basins, characterized by shallow active layers, which could explain the positive bias compared to the regional average.




4.3. Landscape-Specific Active Layer Thickness Trends


The long-term observations from a selection of the 16 dominant landscapes indicate that, under the same climatic forcing, well-drained landscapes exhibit more dramatic active layer thickening (positive trends) relative to moist or wet landscapes (Figure 4). Well-drained polygonal tundra and polygonal peatlands, for instance, both exhibit positive but not statistically significant trends (0.34 cm/year and 0.22 cm/year, respectively), while sand blowouts have thickened at a faster and statistically significant rate of 0.75 cm/year (p-value < 0.00). The active layer thickness on the river floodplain was relatively stable (0.00 cm/year) over the observational period, and moist polygonal tundra exhibited a statistically significant active layer thinning trend of −0.31 cm/year (p-value < 0.05).



A relatively low explanatory power of DDTs in explaining active layer trends at the observed landscapes highlights other factors’ influence on active layer dynamics. Site-specific factors include soil moisture, the presence of an ice-rich “transient” layer, and changes in vegetative covers.




4.4. Soil Moisture Changes


Soil moisture affects the thickness of the active layer in two ways: through changes in soil thermal properties and through latent heat associated with phase transition, the latter of which usually produces a more pronounced effect. In general, with greater ground ice content (dependent on the active layer on prewinter soil moisture content), more heat is required for the phase transition associated with the thinner active layer the following summer. Over time, changes in soil moisture, therefore, have the potential to offset active layer development and dynamics. The comparison of soil moisture data collected from dominant landscape units intermittently from 1978 to 2022 indicates that, on average, the soil moisture content has increased from 23% to 26% (Figure 5a). Well-drained polygonal tundra and sand blowouts experienced small but statistically significant drying or a decrease in soil moisture (−0.17%/year and −0.16%/year, respectively), while soil moisture in moist polygonal tundra increased (0.19%/year); the other landscapes showed no statistically significant changes.



Simultaneous soil moisture and active layer observations collected in 2002 across the CALM R3 grid demonstrate the negative correlation between soil moisture content and active layer thickness, in which the thinner active layer consistently corresponds with higher soil moisture content (Figure 5b). Given the relation presented in Figure 5b, such an increase in soil moisture content can potentially contribute up to 4 cm of active layer thinning.




4.5. Ground Ice Content and the Transient Layer


A more pronounced active layer stabilizer than increasing soil moisture can be thaw propagation into an ice-rich transitional zone at the interface between the active layer and permafrost, known as the transient layer [32,33]. Latent heat associated with melting ground ice can hinder the propagation of a thawing front into the ground and simultaneously trigger differential thaw settlement. Surface subsidence complicates the interpretation of active layer thickness change measured by mechanical probing relative to the ground surface [34].



To determine whether a transient layer is present at a site, statistical analysis of soil moisture/ground ice content with depth was performed on a total of 637 samples extracted from 42 deep boreholes 10–12 m deep colocated with landscape-specific sites. Soil moisture content within the active layer was estimated separately from ground ice content in the underlying permafrost. Ground ice content was sampled in 1 m increments to 10 m depth. Results shown in Figure 6 clearly demonstrate the presence of an ice-rich transient layer with 34–37% ice content at the active layer and permafrost. Active layer thickening is likely to slow with that propagation into the transient layer and may result in subsidence, not currently measured at the Marre-Sale suite of monitoring sites.




4.6. Vegetation Dynamics


Vegetation, and especially mosses, provide substantial thermal insulation to the ground in summer, limiting active layer development or thickness. Moss thickness measurements, regardless of species, conducted across the CALM R3 site in 2002 and 2021 were used to evaluate the potential impacts on active layer dynamics. The statistical distribution of moss thickness across this 1 km2 grid observed in 2002 and 2021 is shown in Figure 7a. The analysis indicates that 1 to 2 cm thick mosses dominated the site in 2002, and no mosses >6 cm thick were observed. By 2021, there was a pronounced increase in the occurrence of mosses >6 cm thick and a corresponding reduction in the area covered in mosses <3 cm thick. Overall, from 2002 to 2021, average moss thickness across the 1 km2 R3 grid increased from 2.0 ± 1.5 cm to 4.1 ± 4.4 cm.



Analysis of more detailed observations on Sphagnum conducted between 1978 and 1989 at several 10 × 10 plots characteristic of poorly drained tundra within the study area [29] showed the thickness of the Sphagnum cover increased from 2.0 to 4.5 over that decade when mean summer air temperatures warmed from 2.8 to 6.2 °C. Sphagnum areal coverage increased correspondingly from 13% to 21%, while peat under the vegetation remained a constant 5.1 ± 5.73 cm thick. These results confirm the positive relationship between summer temperature and moss thickness and areal extent (abundance) of Sphagnum. Moss thickness surveys conducted at the R3 grid site in 2002 and 2021 described above did not differentiate species. However, the increase in the standard deviation of moss thickness from 1.5 cm to 4.4 cm suggests that some moss species tend to increase their thickness more or faster than others under climatic warming. Similar results were also obtained by warming manipulation experiments [35].



There is a strong dependence of ALT on the combined effects of moss or lichen and underlying peat layers, which thermally insulate the ground in summer, resulting in a relatively shallower active layer in locations with thicker organic layers (Figure 7b). Results show that from 2002 to 2021, the sensitivity of active layer thickness to organic layer thickness remained relatively constant, with slopes of 2.3 and 2.6, respectively. The on average 3 cm increase in moss cover thickness, therefore, could account for up to 7 cm in active layer thinning over this 20-year period. However, the decrease in the explanatory power of linear regression from 2002 to 2021 suggests a simultaneously increased influence of other site-specific factors, such as soil moisture, and greater interannual variability in these factors impacting seasonal active layer development.





5. Discussion


Relatively consistent and even thinning active layers despite warming climatic conditions have also been documented in other Arctic regions characterized by tundra vegetation and cold continuous permafrost, such as the North Slope of Alaska [18,36] and the Canadian McKenzie Valley [3]. Climate-driven thaw depth dynamics are proportional to atmospheric cumulative seasonal heat, commonly expressed as degree days of thaw (DDTs). Soil properties, particularly ice content and soil moisture, dictating conductivity and vegetation providing thermal insulation can slow seasonal active layer development by interrupting the propagation of atmospheric heat into the ground [19].



Data currently available on soil moisture from Marre-Sale presented here do not allow detailed quantitative analysis of long-term trends and their effect on the active layer. However, an increase in soil moisture content has been documented in tandem, which, to a limited degree, slowed active layer thickening attributable to latent heat effects. Clayton et al. [37] discussed the latent heat of fusion for thawing ground following an analysis of bulk volumetric water content from a series of Alaskan landscapes. They also found, despite landscape differences, a general trend in which bulk volumetric water content for the entirety of the active layer was negatively correlated with active layer thickness. However, there is an opposite, positive correlation between bulk water content and active layer thickness within 12 cm of the surface, similar to the findings of Shiklomanov et al. [38] based on a study also conducted on the Alaskan North Slope and another more recent augmentation experiment conducted by Magnússon et al. [39] in the Indigirka Lowlands of Siberia. Therefore, the long-term analysis presented here supports the mitigation of thaw under a warming climate via the latent heat of fusion by thawing soils producing a subsequently thinner active layer in nonsaturated soils. More pronounced stabilizing effects than increased moisture content, however, can be achieved when thaw propagation reaches the ice-rich transitional zone or transient layer at the active layer–permafrost boundary.



An increasing number of studies document thaw subsidence as a factor that can help to explain the lack of apparent active layer thickening despite significant climate warming [18]. Shiklomanov et al. [40] reported thaw subsidence of 10 to 18 cm from two sites in the Kuparuk River Basin on the Alaskan North Slope from 2001 to 2011, or surface subsidence rates from 1 to 1.8 cm/year. Slower subsidence rates from 0.4 to 1.0 cm/year were later reported by Streletskiy et al. from a site in Utqiagvik, Alaska, also on the North Slope [34]. A rate of 1.3 cm/year was reported from the northern Russian European Plain near the city of Vorkuta after a total of 20 cm of subsidence was measured from 1999 to 2015 [41]. Yet another study reported rates from 0.3 to 0.8 cm/year near the city of Norilsk, between the Central Siberian Plateau and the Taymyr Peninsula, reporting 3 cm of subsidence in typical tundra, 4 cm in polygonal tundra with frost boils, and 8 cm in water tracks from 2010 to 2020 [42]. All of these studies suggest that, depending on soil moisture and ground ice conditions, thaw subsidence may account for 0.3 to 2.0 cm/year of thaw in addition to active layer thickness as measured relative to the ground surface.



Warmer climatic conditions in typical tundra subzones have also promoted vegetation growth. Thicker vegetation covers provide additional thermal insulation to the ground. Particularly effective insulators are mosses, and as their height and coverage increase, active layer trends decouple from atmospheric warming trends. Besides a strong thermal insulating effect, mosses can promote permafrost stability despite warming climate conditions through evapotranspiration [43]. Different vegetation types have a variety of combined impacts on active layer and permafrost due to changes in albedo, canopy, and their ability to trap snow drifts, so these findings may not be applicable to southern tundra with shrubs and generally more heterogeneous vegetation communities [9].




6. Conclusions


Statistical analyses of long-term permafrost monitoring in typical tundra landscapes of northwest Siberia demonstrate that mean annual air temperatures at the Marre-Sale Research Station have warmed by 4 °C from 1970 to 2020. In reaction to warmer air temperatures and prolonged warm summer seasons, the active layer has thickened, on average, by 10 cm in well-drained flat polygonal tundra to 33 cm in sand blowouts with little vegetation. However, despite the same climate forcing, active layer thickness has remained constant, or relatively stable, in peat bogs and even thinned 14 cm in wet polygonal tundra. The main factors that offset, or decouple, active layer thickness trends observed at sites underlain by peat and in polygonal tundra from climate trends include: (1) increased soil moisture content, (2) the presence of an ice-rich transient layer, and (3) thickening and expanding moss covers.



These results indicating the influences of soil moisture, permafrost ice content, and vegetation were discussed and found to confirm similar findings from studies conducted throughout bioclimatic subzone D in Siberia, Alaska, and Canada. Soils saturated near the surface can enhance thermal conductivity thickening the active layer, but nonsaturated, thawing soils release latent heat during phase transition, slowing active layer thickening. Thawing that reaches ice-rich transient layers can also slow active layer thickening as the ground compacts and the ground surface subsides. Vegetation thickness and spatial coverage (particularly that of mosses) thermally insulate the ground from summer warmth, also limiting thaw propagation from the surface and thereby hindering active layer development.



The trends detected from the extensive array of fine-scale, landscape-specific sites at Marre-Sale were also detected from the single, colocated CALM site, R3. However, this paper quantifies the R3 site’s positive bias (8 to 29 cm) due to the underrepresentation of moist and wet tundra landscapes within the 1 km2 grid. The R3 CALM site is then confirmed to be representative of regional landscape conditions and is an appropriate data source when accounting for the known sampling bias and internal site variability for northwest Siberian regional active layer estimations.
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Figure 1. Study area map showing location of the Marre-Sale site on the Yamal Peninsula. 
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Figure 2. Mean annual air temperature (purple symbology), average summer air temperature (red), average winter temperature (blue), and degree days of thawing (orange) based on data from Marre-Sale weather station. 
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Figure 3. Regional active layer changes based on a weighted average from 16 landscape plots (black symbology) and observations from the CALM R3 grid (gray). Linear trend lines are shown as dashed lines in matching colors. 
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Figure 4. Active layer dynamics in dominant landscape units of the typical tundra zone near Marre-Sale: sand blowouts (red symbology), well-drained polygonal tundra (blue), river floodplain (green), moist polygonal tundra (purple), polygonal peatlands (orange). Linear trendlines for each landscape unit are displayed as solid lines in matching colors. 
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Figure 5. (a) Average soil moisture content from five landscape-specific sites near Marre-Sale: well-drained flat tundra on sand (brown symbology), moist polygonal tundra (purple), gullies and water tracks (dark gray), well-drained polygonal tundra (blue), river floodplain (green), and sand blowouts (red), and (b) active layer thickness (cm) as a function of soil water content (%) based on 121 samples collected across the CALM R3 grid site in summer of 2002. 
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Figure 6. Aggregated soil moisture/ice content changes with depth near Marre-Sale station based on 637 samples collected in the area in 1978–1984.    X ¯    denotes the average for the active layer regardless of thickness. 
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Figure 7. (a) The occurrence of moss of various heights in 2002 (black bars) and 2021 (gray bars) at the CALM site, and (b) scatterplot of active layer thickness and organic layer thickness (peat, mosses, and lichens) based on 121 samples taken at CALM R3 site in 2002 (black symbology) and 2021 (gray symbology). 
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