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Abstract

:

Permafrost thaw resulting from climate warming is threatening to release carbon from high latitude peatlands. The aim of this research was to determine subsidence rates linked to permafrost thaw in sub-Arctic peatlands in Sweden using historical orthophotographic (orthophotos), Unoccupied Aerial Vehicle (UAV), and Interferometric Synthetic Aperture Radar (InSAR) data. The orthophotos showed that the permafrost palsa on the study sites have been contracting in their areal extent, with the greatest rates of loss between 2002 and 2008. The surface motion estimated from differential digital elevation models from the UAV data showed high levels of subsidence (maximum of −25 cm between 2017 and 2020) around the edges of the raised palsa plateaus. The InSAR data analysis showed that raised palsa areas had the greatest subsidence rates, with maximum subsidence rates of 1.5 cm between 2017 and 2020; however, all wetland vegetation types showed subsidence. We suggest that the difference in spatial units associated with each sensor explains parts of the variation in the subsidence levels recorded. We conclude that InSAR was able to identify the areas most at risk of subsidence and that it can be used to investigate subsidence over large spatial extents, whereas UAV data can be used to better understand the dynamics of permafrost degradation at a local level. These findings underpin a monitoring approach for these peatlands.






Keywords:


permafrost; peatland; InSAR












1. Introduction


Permafrost thawing in the Arctic, caused by climate warming, is rapidly accelerating [1], resulting in the release of frozen carbon stocks [2,3,4,5,6] and promoting damaging positive feedbacks, such as increased greenhouse gas emissions [7,8,9]. Permafrost thaw manifests as surface subsidence and thus detection and quantification of areas experiencing subsidence are key to predicting the magnitude of such feedbacks [10,11]. Remote observation is a useful approach to doing so, but accurately predicting the impacts of subsidence over large areas remains elusive [12], mainly because a better understanding between process scale and observation scale is required. This point is addressed here over a palsa peatland environment in northern Sweden.



Palsa peatlands consist of raised plateaus and are common geomorphological features in the sub-Arctic zones of Eurasia and North America. These landforms contain layers of permafrost, uplifting and protecting accumulated carbon in peat from decomposition. This results in relatively dry surface ground conditions and vegetation of low productivity [13,14]. Degradation of palsas and peat plateaus in response to climatic changes typically progresses through lateral erosion along the edges, but also through permafrost active layer deepening and the reduction of permafrost body thickness [15,16]. Ground temperature is a key control of permafrost, and local conditions (e.g., snow accumulation) that impact ground temperature contribute to spatial variation in active layer depth and rates of degradation [17,18,19]. The response of palsa peatlands to warmer conditions or altered snow dynamics has already been observed across northern Scandinavia [1,18,20,21] and elsewhere [22]. Permafrost thaw in peat plateaus is typically reported on decadal timescales as a response to changes in temperature and precipitation conditions [23,24]; however, rapid degradation in response to short-term climatic events has been seen to occur [16,18,20]. The consequence of this is an overall subsidence of the area (including both vertical ground settlement as a result of active layer deepening, and lateral erosion). Quantifying the rate of this degradation is key to understanding the effects of climate change in the Arctic landscape, as well as to predicting which areas are at risk of becoming carbon sources as they thaw [25].



It is known that permafrost thaw occurs over interconnected remote landscapes across the Arctic, therefore any monitoring of degradation is required over large spatial extents, preferably at the spatial and temporal resolutions that match the patterns of thaw [1,26,27]. Satellite optical imagery, polarimetric PALSAR, and aerial orthophotos have been used to monitor features of permafrost thaw—formation of thermokarst lakes, lateral shrinkage of palsa areas, ice-wedge degradation, and vegetation composition change [10,16,27,28,29,30,31,32]. These remote sensing approaches offer important insights into the spatial distribution of permafrost thaw and the impact of this on carbon stocks. However, they are limited by their inability to: (i) detect subsidence (i.e., lowering of the ground surface in response to increasing active layer depth and/or lateral erosion) and/or (ii) provide sufficient temporal and spatial coverage to detect intra- and inter-annual change on landscape scales. Alternative and complimentary approaches are necessary for optimal data supply to fully understand how warming is impacting the palsa peatlands.



Active remote sensing methods have seen some success for the quantification of surface subsidence. Repeated passes of airborne light detection and ranging (LiDAR) have been used to measure top-down permafrost thaw [33,34], but this approach, though highly detailed, is operationally limited to small spatial extents. The monitoring of larger spatial extents for the surface motion of permafrost thaw could be possible through the use of satellite Interferometric SAR (InSAR) methods [35,36,37,38,39,40], which have the added advantage of overcoming cloud cover that hampers optical satellite systems. SAR data from the Sentinel-1 satellite system, which has the advantage of providing open data, with a return rate of 6 to 12 days, can be processed into surface deformation products to a resolution of tens of metres [41] and thus has the potential for detecting surface motion resulting from permafrost degradation. However, the spatial resolution of InSAR data [42] is larger than the spatial transition in soil structure and permafrost degradation [13,43], and it is not known how well InSAR can detect surface motion palsa peatlands impacted by permafrost degradation.



The overarching aim of this research was to investigate trends of permafrost degradation across three Arctic peatland areas distributed along an east–west transect along the shore of Lake Torneträsk in northern Sweden. A combination of different remote sensing techniques—historical airborne photography; repeated very high resolution (VHR) optical captured by unoccupied aerial vehicles and InSAR using Sentinel-1 data—coupled with field data were used to detect and quantify trends in permafrost degradation. Our linked hypotheses were that areas with shallower active layers (i.e., raised palsa areas with sparse, low statue vegetation) would have the greatest subsidence rates, while areas with deep active layers or no permafrost would have lower subsidence rates (e.g., fen type vegetation) as these areas have reached more stable ground surface conditions.




2. Study Area


Three peatland locations containing permafrost—the Tourist Station, Storflaket, and Stordalen wetlands (Figure 1)—situated to the south of Lake Torneträsk, northern Sweden (68°12′N, 19°03′E, 351 m asl)—were the focus of study. The mean annual temperature (MAT) in the area ranges between 0.8 and 1.0 °C, and the mean annual precipitation (MAP) ranges from 304 mm in the west to 424 mm in the east. The initiation of peat formation is ca. 5000 year BP [44]. Total peat depths, including the permanently frozen layer, range from 90 to 200 cm [20,44]. The depth of the active layer (the seasonally thawed upper part of the soil) varies between drier areas, which have a shallower (ca. 30–60 cm) active layer and wetter areas where the active layer is deeper or where there is no permafrost at all in the upper 1.5 m. In the Torneträsk area, the active layer depths have increased, between 0.2 and 2.0 cm year−1 over the period 1978–2006, with a higher rate in more recent years [20].



The study sites comprise areas of raised palsas (i.e., relatively dry peat plateaus) and waterlogged areas with fen or birch forest vegetation. The vegetation on the palsa were composed of bryophytes (e.g., Sphagnum fuscum), lichens, and dwarf shrubs (Empetrum nigrum, Andromeda polyfolia, and Betula nana [14]). The most common herbaceous species was Rubus chamaemorus. All three sites have signs of permafrost thaw, indicated by a lowering of the ground surface, greater soil moisture levels, and areas of palsa collapse (Figure 2). Recently collapsed areas adjacent to and within the plateau areas tended to be vegetated by Sphagnum sp. and Eriphorum vaginatum and E. angustifolium. Extensive collapsed and subsequently flooded areas tended to be vegetated by graminoids, mainly Carex and Eriophorum species, and deciduous shrubs, such as Salix lanata, S. myrsinites, and Betula nana. Forested wetland areas tended to be located adjacent to streams and at the perimeters of the wetland areas. The mean peat depth was ca 60, 94, 50, and 40 cm, in areas that contained palsas, Sphagnum sp., sedge, and forested wetland areas, respectively; mean soil C storage in the top 100 cm was 52, 34, 33, and 40 kg SOC m−2 for palsa, Sphagnum sp., sedge, and forested wetland, respectively [44].



The temperature and snow conditions varied substantially between years within the study period (Figure S1 [45]). The winter of 2019–2020 was substantially milder than the preceding winters; at the 20 cm depth, temperature did not deviate much from 0 °C. Summer temperatures were also variable between years, with very high July temperatures being recorded during 2018. Snow depth also varied considerably between years, with the lowest snow depth in the 2017–2018 winter.




3. Methods


3.1. Field Data Collection on Vegetation and Soil


The properties of common vegetation types were collected from the three study sites at the time of maximum active layer depth (end of September/beginning of October) in 2020. Specifically, we determined the active layer depth, vegetation type, vegetation height, soil moisture, and soil temperature in the field. Data were collected across 396 locations (in total for the three study sites) having a 3 × 3 m area of homogenous vegetation (all plots were georeferenced using a differential GPS (dGPS; Trimble R8s; vertical error of 1.5 cm). The vegetation types were based on those used in Siewert (2018), with some modifications to reflect the vegetation classes specific to the palsa mire study sites. The vegetation classes were dry lichen and low evergreen dwarf shrub (subsequently denoted ‘dry lichen’), ‘dwarf shrub’, ‘moist moss’ with Sphagnum fuscum and R. Chamemoursus (these three classes are found on the raised palsa areas), ‘Sphagnum wetland’, Carex-Eriophorum wetland (subsequently denoted ‘sedge wetland’), ‘willow wetland’, and ‘forested wetland’ (Figure 3).



The active layer depth was measured using a graded metal probe, and where the active layer depth was greater than 140 cm, these were recorded as >140 cm. When mineral soils or rock were hit before the active layer was reached, no active layer recording was taken and instead the depth of the peat layer was recorded. It is possible that permafrost occurred at greater depths than 140 cm; however, core sampling in Sphagnum, sedge, and forested wetland vegetation at Stordalen indicate no permafrost at greater depth in these vegetation types [44]. Volumetric soil moisture was measured using a Theta probe and Theta meter (DeltaT devices; Cambridge, UK), soil temperature was measured at 5 cm depth using a digital thermometer, and the height of the vegetation was determined using a tape measure (in the forested wetland, the canopy height measured was that of the understory vegetation (mainly sedges and willow)).




3.2. Decadal Scale Permafrost Degradation and Palsa Contraction


To determine historical rates of change of palsa size at the three study sites, we obtained orthophotos captured by occupied airborne surveys from 1960, 2002, 2008, and 2018 from the Swedish Survey dataset (the orthophotos were 5 km × 5 km, the resolution for the 1960 and 2002 photos were 1 m, and for 2008 and 2018 the resolution was 0.5 m). Within each of the orthophotos, we delineated the visible boundaries of palsas by digitising (using ArcGIS (ESRI)). Specifically, one interpreter delineated all palsas using the orthophotos for each study site. In areas where the palsa boundary was not clear, these sections were not used. As a quality control, two additional independent interpreters also delineated the palsas. In cases where the delineations made by the three interpreters varied by >1 m, these were excluded from the subsequent analysis. To analyse palsa shrinkage rates and/or collapse, 50 random 20 m long transects were drawn perpendicular to the palsa edge defined by the original interpreter. Along each transect, the distance between palsa delineations for different years were measured. Finally, rates of change were calculated for the different periods of 1960–2002, 2002–2008, 2008–2018, and over the entire period 1960–2018.




3.3. UAV-Captured Data for Digital Elevation Models (DEMs) and Vegetation Mapping


Multispectral and true colour RGB data were captured across Storflaket and Stordalen in 2017 and 2020, and data from the Tourist St. site was collected in 2021 using a fixed-wing Unoccupied Aerial Vehicle (UAV; Sensefly Ebee; Table S1). Multispectral and true colour imagery were collected during sequential flights. For the multispectral data collection, the UAV was fitted with a Parrot Sequoia multispectral sensor which obtains spectral measurements across four bands: Green (550 nm ± 40 nm), Red (660 nm ± 40 nm), Red Edge (735 nm ± 10 nm), and Near Infrared (790 nm ± 40 nm), with an average density of 2.56 m3. The UAV was flown at a height of 106 m and obtained a total of 1353, 1624, and 1933 images across areas of approximately 64 ha, 54 ha, and 18 ha at Stordalen, Storflaket, and the Tourist Station, respectively. The true colour RGB imagery was collected with Sony WX and Canon G9X cameras at an elevation of 98 m, resulting in a ground resolution of ~2–3 cm after processing. The images were processed using Pix4D (Berlin, Germany) to produce an orthomosaic for each spectral band and a Digital Elevation Model (DEM) for each site, using a UTM 34N coordinate system. The resulting spatial resolutions of both outputs across all three sites varied between 0.08 and 0.11 m/px for the multispectral data and between 0.02 and 0.03 m/px for the RGB imagery.



To ensure the orthomosaic and DEM were accurately geolocated, we collected 48 ground control points using the dGPS across all three sites. Ground controls were collected from stable surfaces such as rock outcrops and anthropogenic structures in areas that were clearly identifiable in the images. The difference in ground elevation was calculated by subtracting the DEM in 2017 from 2020. Thus, a negative value represents a decrease in elevation over time—an indication of ground subsidence. The error associated with this change in elevation was calculated as the standard deviation of elevation change at all GCPs.



The multispectral UAV data were classified to output a vegetation cover map for the three study sites; for Stordalen and Storflaket the data from 2020 was used, and for the Toursit St. site, data from 2021 was used. A Support Vector Machine classification approach was used with ground data sampled randomly in June 2021 for Storflaket (n = 258) and Stordalen (n = 395) sites and in August 2021 for the Tourist Station (657). The ground points from each site were randomly split into training and validation datasets with proportions of 70% and 30%. The UAV data was resampled to 0.5 m spatial resolution for the classification process. The three types of vegetation found on the raised palsa areas (‘dry lichen’, ‘dwarf shrub, ‘moist moss’) were combined to a single class ‘raised palsa’, as the classifier could not distinguish between these vegetation types individually. A Shadow class was added to reduce confusion with water bodies e.g., within forested areas.




3.4. Surface Motion from Sentinel-1 InSAR


We used C-band SAR data freely available from the Sentinel-1 satellites (European Union’s Copernicus Programme) to map multi-annual average velocity, subsequently denoted surface motion of the study areas. Interferometric Wide Swath mode images were gathered from 2017 to 2020, to coincide with those of the UAV-derived DEMs, and focussed on the thaw season between April and October for three separate years. A total of 125 images were acquired from the descending mode, and surface motion was obtained using the APSIS method (formally known as ISBAS), which relaxes the requirement for consistent phase stability for all observations using a coherence threshold of 0.45. With improved coherence, compared to the SBAS-InSAR method, which struggles to work outside urban areas, APSIS has near-complete spatial and temporal coverage over natural vegetated surfaces, including peatlands [41,42,46,47,48,49].



InSAR processing required single-look complex images to be co-registered and multi-looked. The multi-looking was by a factor of 2 in azimuth and 7 in range to generate a ground resolution of 20 m × 20 m. A total of 1892 interferograms were produced with a perpendicular baseline of 250 m and a maximum temporal baseline of 183 days to minimise phase ambiguities and maintain coherence. Use of long temporal baselines were necessary to capture more subtle trends of surface deformation. Good phase measurements have been shown to be possible using long temporal baselines over permafrost regions to monitor motion in the summer period, allowing for season-to-season pairs over numerous years [50]. Using a stable reference point located in the centre of Abisko village, first the multi-annual average velocity (or average surface displacement) between 2017 and 2020 (with more negative values representing subsidence) was calculated and, second, for each season, a time series of surface motion was produced, showing the change in relative height of the surface. Surface motion range for the 2017 and 2020 thaw periods were calculated by subtracting the minimum surface motion value from the maximum surface motion value within respective time series between June and October. These dates corresponded with documented surface temperatures for Abisko over the time period; June marked the full onset of surface thawing, whilst October marked the onset of freezing. Given that all three sites are located at a similar latitude, the onset of thaw and freeze were assumed to happen concurrently.




3.5. Statistical Analysis


We used residual maximum likelihood (REML) to test for significant differences between canopy height and active layer depth with vegetation; we used vegetation type as the fixed effect and site as the random effect. REML was also used to determine differences in the rate of palsa shrinkage among time periods and sites; we used time period and site as fixed effects and transect as the random effect. Two types of evaluations of the InSAR data in relation to vegetation type were carried out. First, all data were included to test for significant differences between vegetation types using REML, with site as the random effect. Second, the dataset was restricted to include only subsiding pixels (surface level change < 0); differences between vegetation types within this subsection of the dataset was also analysed using REML, with site as the random effect. Standard error of differences were used to identify differences between vegetation types and sites.





4. Results


4.1. Vegetation and Soil Field Data


Among the seven vegetation classes across the study sites, canopy height was lowest for dry lichen and moist moss; dwarf shrub and Sphagnum wetland vegetation had intermediate canopy heights; while the tallest vegetation types were the sedge wetland, willow wetland, and forested wetland (understory canopy height) classes (Table 1). Soil moisture content was lowest in the dry lichen, moist moss, and dwarf shrub vegetation types, while for the other vegetation types, moisture levels were very high or saturated (Table 1). Soil temperatures (measured in September) were somewhat lower in the two drier vegetation types (Table 1). Mineral soil was reached before the permafrost in 33, 19, and 17% of the measurement points at the Tourist St., Storflaket, and Stordalen sites, respectively. This was most common in the willow and forested wetland vegetation types.



The active layer depth was shallowest in dry lichen and moist moss vegetation, with the most common active layer depth in this vegetation type being in the range of 50–69 cm (Figure 4a). For the dwarf shrub vegetation, the most common active layer depth was >140 cm (Figure 4a). For all the wet vegetation classes, the most common active layer depth was >140 cm, although the Sphagnum and sedge wetland vegetation types had some shallower depths in areas adjacent to intact palsa areas (Figure 4b).




4.2. Decadal Scale Permafrost Degradation and Palsa Contraction


The historical orthophotos showed evidence of permafrost thaw at all three study sites because the edges of the palsas were contracting in their areal extent over time (Figure 5a). The contraction of the palsas was greatest at the Storflaket and Tourist station mires at 9.3 ± 0.27 and 9.0 ± 0.56 m over the entire study period (1960–2018); contraction rates at Stordalen were 3.1 ± 0.18 m for the same time period (Figure 5b). The time series analysis showed that rates of contraction were not linear over time. Rates were lowest between 1960 and 2002 (0.12 ± 0.006; 0.13 ± 0.005; 0.03 ± 0.002 m year−1, at the Tourist St., Storflaket, and Stordalen sites, respectively) and highest between 2002 and 2008 at all three sites (0.32 ± 0.04; 0.21 ± 0.013; 0.18 ± 0.012 m year−1 at the Tourist St., Storflaket, and Stordalen sites, respectively) (Time period: F2812 = 89.53; p < 0.001, SED = 0.025). The largest rates of loss were at the Tourist St. site over the 2002–2008 period (Site × Time period interaction: F4812 = 17.97, p < 0.0014).




4.3. UAV-Derived Mapping of Vegetation Types


Across the region of interest, the wetlands were composed of a fine scale mosaic of vegetation types (Figure 6a). The raised palsa vegetation type covered the largest area within the mapped wetland areas at the Stordalen and Storflaket sites, while forested wetland was the most common class at the Tourist station mire (Figure 6, Table 2). At the edges of palsas, where the peat contained deep cracks, B. nana typically was taller (50–100 cm) and the ground became waterlogged. In subsiding palsa areas covered with dry lichen and moist moss vegetation, vascular plants showed signs of anoxia resulting from the flooding, and S. fuscum out-competed the lower statue vascular plants. Surrounding the palsa areas were various fen vegetation types (Table 2, Figure 6). Extensive areas of Sphagnum wetland were found adjacent to the thawed edges of palsas and also in subsided areas within the palsas. Sedge wetlands formed extensive communities in areas with deeper water levels and transitioned into willow wetland. Forested wetland areas were mainly found along streams, lake edges, and the outer edges of the mires. The overall accuracy of classification for the Tourist St., Storflaket, and Stordalen sites was 82, 74, and 70%, respectively (confusion matrices are shown in Tables S1–S3).




4.4. Subsidence Determined from UAV Derived DEMs


The UAV-derived DEMs from the sites clearly show the distribution of the raised palsa plateaus surrounded by lower-lying fen areas (Figure 7a). The greatest elevation difference between raised palsa areas and surrounding fen vegetation was at the Stordalen site, where the highest areas were ca 386 m above sea level (absl), and the fens were ca. 382 m absl. Both Stordalen and Storflaket contained extensive raised plateau areas, while the elevation of the palsa relative to the surrounding fen vegetation was lowest at the Tourist Station mire (Figure 7b). Locations experiencing permafrost thaw and deepening of active layers is evident in Figure 5a as areas of lower elevation within the raised plateaus at each site. The dGPS data showed significant differences in altitude betwen the vegetation types (Figure 7b). The raised palsa had the highest altitude, followed by Sphagnum wetland. The altitude difference between raised palsa and Sphagnum wetland was between 0.4 and 0.7 m at the three sites, while the difference between Sphagnum vegetation and sedge wetland ranged between 0.1 and 0.6 m at the three sites.



The ground motion estimated from the UAV derived differential DEM between July 2017 and Aug 2020 showed a high degree of surface dynamic over the study period (Figure 8). High levels of subsidence (−25 cm) were detected around the edges of the raised palsa plateaus, thus indicating evidence of lateral erosion. A lower level of subsidence was also apparent across large areas of the interior parts of the palsa areas. Areas of uplift are indicated in the lower-lying fen areas adjacent to the palsa; this is most likely reflecting the later growth stage (i.e., taller) of the sedge vegetation in 2020.




4.5. Surface Motion as Determined from Sentinel-1 ASPIS-InSAR


ASPIS-InSAR outputs showed good coherence overall, with a high number of coherent interferometric pairs out of a total of 1892 achieving optimal coherence over all wetland sites (average coherence; Tourist St., 1583; Storflaket, 1571; Stordalen, 1557). An overall low standard error was also exhibited across all wetland sites (average SE: Tourist St., 0.162 cm; Storflaket, 0.186 cm; Stordalen, 0.187 cm).



APSIS-InSAR surface motion mapped at 20 m resolution depicted areas of subsidence across all three study sites (Figure 9a), with the greatest subsidence rates of 1.5 cm, between 2017 and 2020, found in Stordalen. At Stordalen, raised palsa vegetation had the greatest overall subsidence rates, while sedge wetland had the greatest subsidence rates at Storflaket and the Tourist St. sites (Table 3; Vegetation × Site: F = 2.53; p < 0.01, SED = 0.06 cm); however, all wetland vegetation types showed subsidence overall. The lowest subsidence rates were for anthropogenic surfaces (not illustrated); these were generally stable, i.e., showed no or very limited signs of ground motion.



When the analysis was constrained to only subsiding pixels, there was an overall significant difference in subsidence rates (Vegetation: F = 65.1, p < 0.001, SED = 0.027 cm), with the greatest subsidence rates found for raised palsa. The differences in subsidence among vegetation types were significant at Stordalen and Storflaket (Vegetation × Site: F = 2.39, p < 0.05, SED = 0.058 cm); at Stordalen and Storflaket, raised palsa as well as raised palsa and sedge wetland, respectively, had the greatest subsidence rates, while at the Tourist St. site there were no significant differences between vegetation types. At Stordalen, the area of high subsidence rates in the areas to the north of the lake in the centre of the map corresponded to an extensive area of subsiding palsa (pers. obs., Sofie Sjögersten). The lack of significant differences between vegetation types at the Tourist St. may in part be linked to the smaller extent and consequent pixel count per vegetation type.



Summary statistics of the within-thaw-season variability in surface motion range were similar between the 2017 and 2020 datasets at the Tourist St. and the Storflaket sites, while the surface motion range was greater for 2020 at the Stordalen site across all vegetation types (Figure 9b,c, Table S4). At Stordalan, the area of greater surface motion range detected by the InSAR in 2020 (Figure 9c) spatially corresponded to some of the areas of greatest ground subsidence measured by the multi-annual average velocity (Figure 9a).




4.6. Comparing Surface Motions Derived from Differential DEMs and ASPIS-InSAR


To investigate how the InSAR data reflects fine scale patterns, we compared the outputs of InSAR- and UAV-derived differences in elevation across three areas at the Storflaket site. The range of motion was lower in the InSAR compared to that estimated by the differential UAV data (Figure 10). The maximum subsidence reported in Figure 9a is −1.5 cm, while the maximum subsidence in Figure 10c is −25 cm over the same time period, showing that the differences in spatial units have a large influence on the reported subsidence rates. The vertical standard error of the InSAR data showed lower variation in the more intact interior parts of the raised palsa (Figure 9b), which are further from the collapsing edges of the palsas, compared to the edges of palsa or areas of fen vegetation surrounding the palsas (Figure 6 and Figure 7).





5. Discussion


The combination of methods used in this research provide evidence of continuous permafrost degradation that has varied over time (since the 1960s) and space (i.e., varying between the three sites of investigation as well as within sites). This is most likely in response to climatic changes in the area [20,29,31]. On decadal scales, the permafrost degradation rates appear to increase with time, suggesting acceleration of degradation processes in response to warmer climates and greater precipitation in the area [20]. However, due to the long intervals between the dates of the orthophotos, it is difficult to attribute changes in rates to specific climatic drivers.



On a short timescale, the UAV derived subsidence data suggest that substantial change occurred rapidly over the study areas, which has also been observed in permafrost areas such as Alaska [33,34] as well as in Siberia [51]. The potential for rapid subsidence over short timescales is also supported by the variation in the within-season range in ground motion between 2017 (low range) and 2020 (high range), estimated by the ASPIS-InSAR data (Figure 9b,c). We speculate that the high range of motion in 2020 at Stordalen was linked to two winters with soil temperatures at 20 cm depth close to 0 °C preceding the thaw period of 2020, because rising winter soil temperatures contribute to permafrost degradation [19]. This is in line with finding from northwest Canada, where controls on near-surface soil temperatures linked to snow conditions are a good predictor of active layer depth [17]. At this stage, the short time series of the ASPIS-InSAR limits robust comparison between subsidence rates and climate data, but the increasing Sentinel-1 data time series offer this possibility for comparison at a later date.



Subsidence rates were the highest in the raised palsa vegetation type, which was associated with the shallowest active layers, supporting our prediction that there would be a relationship between active layer depth and subsidence rates. Raised palsa also had the highest elevation within the peatlands. Together, this suggests that this vegetation types has the greatest potential for subsidence in line with findings for Canada [52]. The vulnerability of palsas to subsidence, a landform type that covers large areas at the sites, to subsidence highlights that substantial areas of these peatlands are at risk of subsidence (Figure 9, Table 2). The implication of such changes with regards to ecosystem feedbacks from permafrost thaw in peatlands, e.g., increased radiative forcing [25], are potentially severe from a climate warming perspective [53]. Therefore, the larger scale vulnerabilities of palsas to subsidence across northern Scandinavia and other regions in the sporadic and discontinuous permafrost zone, e.g., the Hudson Bay [52] and West Siberian lowlands [54] needs to be quantified.



On average, all three of the wetland sites was subsiding, indicating that permafrost thaw was impacting all three sites. This is in line with reports of deepening active layers and more extensive areas with fen vegetation types [20,25], and the shrinkage of palsa plateau areas since 1960 at all three site (Figure 5). As discussed above, raised palsas had the greatest rate of subsidence, while areas with deep active layers or no permafrost had lower subsidence, supporting our hypothesis. However, all wetland vegetation types showed signs of subsidence (Figure 9a,d). This indicates that subsidence also continues after the vegetation has transitioned into a more fen-like vegetation types and the active layers are substantially deeper (>140 cm) or the permafrost has been lost completely. This suggests continual loss of permafrost at levels deeper than those measured in this study and/or continued physical collapse of the peat structure and vertical settlement or decomposition resulting from peat loss [55]. The rapid degradation in some areas of the Storflaket site also highlights the vulnerability of permafrost to disturbance from infrastructure such as roads, railway lines, and buried power cables.



Stordalen mire had the slowest rate of palsa shrinkage in the past, along with the shallowest active layers, but it also had the highest rates of subsidence as quantified by ASPIS-InSAR. Our interpretation is that the Stordalen mire may experience overall disintegration as climatic conditions change to such an extent that palsa mires are no longer stable, also in the eastern parts in the study region [20]. The areas of greatest subsidence at this site were adjacent to the lake, which we speculate may be linked to microclimatic impacts of the water body on the local energy balance. The rapid degradation rate is likely also linked to the increased length of the rapidly subsiding lateral edge (a common feature of degrading palsa) [34], as well as the formation of thermokarst in the interior areas which previously supported palsa. If this trajectory continues over time, it is perceivable that current fen areas will transition into thermokarst lakes in line with findings from northern Finland [28].



The high coherence in the InSAR data demonstrates that the data available within the thaw period was sufficient to generate a good estimate of subsidence over the study period and also within snow free periods. However, several years of data were needed to build a sufficient database in line with findings from temperate peatlands [48,49]. The surface motion across the peatlands were in the same range as those reported for degrading permafrost areas in Siberia, also using InSAR methods [35,37]. This suggests that the relatively low levels of ground motions reported from the InSAR at our sites are not site specific and that InSAR can detect ground motion resulting from permafrost degradation. Further, ASPIS-InSAR was able to estimate within season variability (i.e., from the range). This enables comparison across seasons and offers a tool for evaluating the climatic conditions, which result in particular surface motion trajectories and identification of areas at particular risk of subsidence.



The maximum subsidence rates measured by ASPIS-InSAR of 1.5 cm over four yearly summer thaw periods differed substantially from the maximum subsidence rates of 25 cm detected by the UAV DEMs for the same period. This difference highlights the contrasting capabilities of the two approaches. There is unavoidable spatial averaging during the processing of the Sentinel-1 data by the ASPIS-InSAR algorithm, which is likely to manifest lower subsidence rates, and if during the SAR interferometry a change in surface height during the image pairing exceeds the maximum detectable displacement (1.2 cm), motion will be underestimated. The differential DEMs generated from the UAV data provided highly detailed spatial outputs of subsidence of particular geomorphological features.



Indeed, this data allowed for quantification of both the lower subsidence rates found in interior palsa areas experiencing permafrost degradation and the high subsidence rates seen at the narrow front of palsa degradation, where change is most rapid (Figure 8 and Figure 10). In some areas (e.g., the linear green features traversing the palsa plateau in Figure 8) with very dense sedge mats the ground detection was confounded with the vegetation height, resulting in artefacts suggesting areas of substantial uplift sometime in the past. The InSAR did not show this artefact but instead indicated subsidence in those areas. This corresponds to ground observation, i.e., the permafrost has been lost and the surface elevation has dropped along those linear features, which in themselves are the result of the burial of electricity cables across the palsa. Hence, the UAV data may provide a local accurate estimate of both subsidence [51] and lateral permafrost degradation. However, this method may struggle to detect ground motion over tall dense sedge vegetation and also requires substantial effort, thus limiting its application to smaller areas. In contrast, the main strength of the ASPIS-InSAR method is its superior performance in areas experiencing gradual rather than abrupt changes in surface motion over large areas [42], hence lending itself to detecting the lower levels of subsidence found across palsa plateaus experiencing permafrost degradation as well as in areas (e.g., often associated with fen-type vegetation) which have already lost their permafrost.




6. Conclusions


We have shown that subsidence resulting from permafrost degradation was greatest in areas with shallower active layers, i.e., areas which have the greatest potential for change, while areas further along the degradation trajectory are now experiencing lower, but still continued, subsidence rates. The combination of remote sensing approaches used here help to bridge the scale differences between the small-scale patterns of permafrost degradation and the need for circumpolar monitoring. Each approach we have used in this study offers different advantages, e.g., the time series data from the orthophotos are effective in demonstrating lateral erosion over long time periods, while ASPIS-InSAR can be used as a tool for detecting the subsidence resulting from recent permafrost degradation and landscape-scale understanding of the vulnerabilities linked to subsidence. The UAV differential DEM data allowed for the detection of both lateral erosion and subsidence, offering a mechanistic understanding of the process of degradation, but was sensitive to variation in vegetation height and the point cloud density. As permafrost degradation on a decadal scale is a sub-pixel property of the InSAR data, we suggest that a combination of InSAR and UAV data can be used to detect and monitor permafrost degradation across large areas while retaining mechanistic understanding of the geomorphological process of permafrost degradation.
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Figure 1. Map showing the location of the three permafrost peatland study sites: Tourist Station, Storflaket, and Stordalen. Inset: Location of Abisko in northern Sweden. The landcover classes were based on the Corinne land cover classification. 






Figure 1. Map showing the location of the three permafrost peatland study sites: Tourist Station, Storflaket, and Stordalen. Inset: Location of Abisko in northern Sweden. The landcover classes were based on the Corinne land cover classification.



[image: Remotesensing 14 00444 g001]







[image: Remotesensing 14 00444 g002 550] 





Figure 2. Photos showing impacts of permafrost thaw on the mires. 
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Figure 3. Photos of the dominant vegetation types found at the study sites. Upper row: Raised palsa vegetation found in locations with shallow active. Lower row: Fen vegetation found in locations with no permafrost. 
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Figure 4. Relative frequency of active layer depth for common vegetation types associated with (a) drier and (b) wetter soil conditions at the three study sites. 
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Figure 5. (a) Orthophotos of palsa edges taken in 1960, 2002, 2008, and 2018 for the Tourist St., Storflaket, and Stordalen sites. The lines represent contraction over time at each site. At the Tourist St. site, only lines for 1960 and 2002 are added because, after that, the palsa in this location is too degraded to define the edge along this section of the mire. Note that the scale differs between the sites, reflecting the differences in size of the study areas. (b) Contraction of palsa edges over time at the three study sites. 
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Figure 6. (a) Orthophoto imagery from 2018, (b) UAV RGB imagery, and (c) detailed vegetation maps within the wetland areas at the three study sites of interest: Tourist St., Storflaket, and Stordalen, respectively. Associated confusion matrices are in Tables S1–S3. Of the overall wetland areas delineated in the maps, a focus palsa-fen study area, also indicated in the map, was subsequently used for the digital elevation models. 
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Figure 7. (a) Digital Elevation Models derived from UAV data showing the wetland areas and water bodies for the three study sites: Tourist St., Storflaket, and Stordalen. The cut-outs are zoom-ins of areas showing a mixture of raised palsa and lower lying fen areas. Note that the grey scale denoting the height differences differs between the ‘wetland’ and ‘zoomed-in’ figures, as does the spatial scale. (b) Surface position (altitude) of different vegetation types measured using a high precision dGPS at ca. 500 points overall in September 2020 at the three sites. Mean and SE are shown. 
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Figure 8. Surface motion for the Storflaket site determined from differential DEM generated from the UAV derived 2017 and 2020 DEMs. The overall error of the differential DEM is ±0.12 cm. Note that the areas of green “uplift” in parts of the fen areas surrounding the palsa is due to lack of penetration to the ground surface in densely vegetated areas where the ground was not visible, hence the “uplift” in these areas is likely linked to vegetation properties and should be interpreted with caution. On the more sparsely vegetated areas on the palsas, detection of the ground surface in the point cloud was good. 
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Figure 9. APSIS-InSAR derived surface motion (multi-annual average velocity) for the Tourist station, Storflaket, and Stordalen study sites. (a) Average surface motion between 2017 and 2020. (b) Surface motion range between April and October 2017. (c) Surface motion range between April and October 2020, (d) Rates of subsidence calculated from the surface motion velocity (cm between 2017 and 2020) among different vegetation classes in subsiding pixels; mean and SE are shown. A greater negative value indicates greater subsidence rates. 
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Figure 10. Surface motion (multi-annual average velocity) from 2017 to 2020 derived from (a) InSAR, (b) the vertical standard error on the InSAR for each pixel, (c) surface motion from 2017 derived from the DEMs (UAV data), and (d) the difference in surface motion for three zoomed in extracts from the differential DEMs corresponding to the blue polygons. The error on differential DEM subsidence map is ±12 cm. 
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Table 1. Properties of the different vegetation types (mean and SE are shown).






Table 1. Properties of the different vegetation types (mean and SE are shown).





	
Vegetation Type

	
Canopy Height

(cm)

	
Soil Moisture (%)

	
Soil Temperature (°C)






	
Dry lichen

	
4.3

	
(1.0)

	
38.9

	
(2.1)

	
3.5

	
(0.11)




	
Moist moss

	
7.8

	
(0.7)

	
40.9

	
(1.5)

	
3.5

	
(0.08)




	
Dwarf shrub

	
36.7

	
(4.0)

	
46.6

	
(5.3)

	
4.5

	
(0.2)




	
Sphagnum wetland

	
24.9

	
(1.5)

	
98.3

	
(0.8)

	
4.3

	
(0.1)




	
Sedge wetland

	
46.8

	
(1.8)

	
100

	
(0)

	
4.7

	
(0.1)




	
Willow wetland

	
74.1

	
(7.4)

	
89.5

	
(4.9)

	
4.2

	
(0.3)




	
Forested wetland

	
47.4

	
(7.0)

	
70.4

	
(6.9)

	
4.7

	
(0.2)
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Table 2. Area of different wetland vegetation types at each of the three study sites and their proportional contribution to land cover at the sites.
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Vegetation Type

	
Tourist St.

	
Storflaket

	
Stordalen




	
Area (ha)

	
Proportion of Wetland Area (%)

	
Area (ha)

	
Proportion of Wetland Area (%)

	
Area (ha)

	
Proportion of Wetland Area (%)






	
Raised palsa

	
1.0

	
18

	
8.2

	
44

	
10.1

	
24




	
Sphagnum wetland

	
0.7

	
14

	
1.5

	
8

	
6.0

	
14




	
Sedge wetland

	
0.4

	
7

	
4.2

	
22

	
6.1

	
14




	
Willow wetland

	
0.4

	
8

	
1.3

	
7

	
7.1

	
16




	
Forested wetland

	
1.4

	
25

	
1.9

	
10

	
6.0

	
14
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Table 3. Surface motion (multi-annual average velocity) between 2017 and 2020 at the Tourist St., Storflaket, and Stordalen sites for the target vegetation classes. Mean and SE are shown. * Anthropogenic statistics have been calculated for areas outside the wetland to inform surface stability.






Table 3. Surface motion (multi-annual average velocity) between 2017 and 2020 at the Tourist St., Storflaket, and Stordalen sites for the target vegetation classes. Mean and SE are shown. * Anthropogenic statistics have been calculated for areas outside the wetland to inform surface stability.





	

	
Tourist St. (cm)

	
Storflaket (cm)

	
Stordalen (cm)






	
Anthropogenic *

	
−0.1

	
(0.059)

	
−0.091

	
(0.026)

	

	




	
Raised palsa

	
−0.389

	
(0.05)

	
−0.255

	
(0.019)

	
−0.58

	
(0.018)




	
Sphagnum wetland

	
−0.351

	
(0.044)

	
−0.114

	
(0.073)

	
−0.498

	
(0.030)




	
Sedge wetland

	
−0.455

	
(0.053)

	
−0.331

	
(0.019)

	
−0.501

	
(0.021)




	
Willow wetland

	

	

	
−0.144

	
(0.052)

	
−0.385

	
(0.022)




	
Forested wetland

	
−0.263

	
(0.038)

	
−0.117

	
(0.032)

	
−0.431

	
(0.018)
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