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Abstract 37 

 Palsas and peat plateaus in subarctic peatlands are some of the southernmost lowland 38 

permafrost landforms in the Northern Hemisphere. Peatland permafrost along the Labrador Sea 39 

coastline in northeastern Canada has remained largely understudied and uncharacterised, 40 

despite the importance of these landforms for wildlife, carbon stores, and Indigenous land 41 

users. In this study, we derived geomorphological and resiliency indices for peatland 42 

permafrost landforms at 20 wetland complexes, spanning a latitudinal gradient from Blanc-43 

Sablon, QC (51.4°N) to Nain, NL (56.5°N). Orthomosaics and three-dimensional point clouds 44 

were created for each site using high-resolution UAV-based surveys and structure-from-motion 45 

photogrammetry. Analyses revealed that peatland permafrost landforms along the Labrador 46 

Sea coastline are characterised by short heights (maximum height: 3.65 m, average height: 0.49 47 

m), with lichen and dwarf shrub cover, making them more similar to features in northern 48 

Europe than western Canada. Palsas and peat plateaus ranged in size from 49 m2 to 14,233 m2, 49 

with a median feature size of 259 m2 across all sites. Peatland permafrost in the region exhibits 50 

high levels of fragmentation, with most study sites (90%) exhibiting low or very low thaw 51 

resiliency. Results from this study indicate that peatland permafrost in many parts of Labrador 52 

are vulnerable to degradational processes with potential negative consequences for species with 53 

high cultural value to Labrador Inuit and Innu. 54 

Keywords: permafrost, peatland, Labrador, UAV, resiliency 55 
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Introduction 62 

 Permafrost is rapidly thawing across the circumpolar North because of climate and 63 

ecosystem change (Grant et al., 2019; Mamet et al., 2017; Smith et al., 2022). Thawing 64 

permafrost and melting ground ice often lead to shifts in hydrology, vegetation, wildlife habitat, 65 

nutrient cycling, and greenhouse gas exchanges (Baltzer et al., 2014; Carpino et al., 2021; 66 

Disher et al., 2021). Permafrost thaw can also exacerbate climatic warming by releasing 67 

methane stored in previously frozen organic material (Schuur et al., 2015; Tarnocai et al., 68 

2009). Discontinuous permafrost is amongst the most vulnerable to thaw, with many of these 69 

landscapes drastically changing in recent decades (Chasmer & Hopkinson, 2017; Holloway & 70 

Lewkowicz, 2020; James et al., 2013; Payette et al., 2004). These shifts can impact Indigenous 71 

land users who continue to harvest plant and wildlife species throughout northern Canada 72 

(Anderson et al., 2018; Dyke & Sladen, 2010; Norton et al; 2021; Ward et al., 2021).  73 

At its southern limit, lowland permafrost is typically found in wetlands, where the 74 

insulating properties of dry peat prevents the ground from thawing in warm summer months 75 

(Smith & Riseborough, 2002). Permafrost in these environments is found within raised 76 

landforms known as palsas and peat plateaus. These features initially form when wind-driven 77 

snow redistribution promotes localised areas of deeper freezing, facilitating areas that remain 78 

frozen in summer (Seppälä, 2011). Water accumulates at the permafrost's basal freezing front 79 

during warmer months through the process of cryosuction (Hohmann, 1997). In winter, this 80 

water freezes to form layers of ice (i.e., ice lenses) that force the ground surface upwards 81 

through the process of frost heave (Peppin & Style, 2013). This iterative process ultimately 82 

creates raised mounds (palsas and/or peat plateaus) within a peatland.  83 

 While it is generally understood that palsas and peat plateaus follow similar patterns of 84 

initial development, the two landforms differ in their morphology. Palsas typically form dome-85 

shaped mounds that can vary in height from just a few centimetres up to 10 metres and exist as 86 
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individual “islands” in the peatland (Seppälä, 2011). By contrast, peat plateaus are usually 87 

contiguous and spatially extensive but are also shorter, rarely exceeding 2 metres in height 88 

(Dyke & Sladen, 2010).  89 

 A great deal of variation in peatland permafrost features exists globally, with 90 

characteristics such as shape, active layer depth, and overlying vegetation all varying from 91 

region to region. For example, peat plateaus in western Canada tend to be forested 92 

(predominantly black spruce [Picea mariana]), whereas in Scandinavia, they are covered by 93 

lower vegetation, such as lichen, graminoids, and dwarf shrubs (Carpino et al., 2021; Johansson 94 

et al., 2013). Such differences in vegetation cover can alter local snow redistribution and 95 

summer shading effects, thereby impacting the ground thermal regime (Jean & Payette, 2014a, 96 

2014b).  97 

 Climate change has led to rapid peatland permafrost degradation over the past century 98 

(Borge et al., 2017; Mamet et al., 2017; Wang et al., in press), with accelerated thaw expected 99 

in the coming decades (Fewster et al., 2022). Landform morphology has been previously 100 

identified as an important consideration for local surface energy balance and for understanding 101 

rates of landform thaw including fragmentation (Mamet et al., 2017; Wang et al., in press). 102 

 In Labrador, northeastern Canada, peatland permafrost has been largely understudied 103 

until recent years (Brown et al., 1975; Way et al., 2018). Large swaths of land spanning 7° 104 

latitude along the Labrador Sea coastline were recently shown to contain hundreds of peatland 105 

permafrost complexes, including some of the southernmost features in the Northern 106 

Hemisphere (Wang et al., 2023). While prior research has focused on feature identification 107 

there is still a need for localised site characterization, especially in the more southern peatlands 108 

which are presumed to be at a greater risk of degradation (Hugelius et al., 2020). Understanding 109 

the local context of these features is essential in predicting thermokarst potential and habitat 110 

change susceptibility. 111 
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In this study, we investigate and characterise the contemporary state of 20 peatland 112 

permafrost complexes from the southern end to the northern end of the discontinuous 113 

permafrost zone in Labrador, as defined by the Permafrost Map of Canada (Heginbottom et al., 114 

1995). We use the contemporary state of southern sites as a substitute for future conditions at 115 

northern sites following future climate warming, analogous to a space-for-time substitution 116 

(Blois et al., 2013). We additionally evaluate the thermokarst potential and thaw resiliency of 117 

peatland permafrost throughout coastal Labrador. This study provides much needed context for 118 

an understudied region of Canada, allowing local land managers and rights-holders to better 119 

understand and prepare for projected changes in berry-picking habitat, caribou foraging 120 

grounds, and carbon stores. 121 

 122 

Study Area 123 

Coastal Labrador (51.4°N to 60.3°N) includes over 8,000 km of coastline under the 124 

strong synoptic influences of the cold Labrador Current and the position of the Polar Front 125 

(Barrette et al., 2020). Mean annual air temperatures range from -12°C near the northern tip to 126 

+1.5°C in southern areas near the Strait of Belle Isle (Karger et al., 2017; Karger et al., 2018; 127 

Wang et al., 2023; Way et al., 2017). Geologically, Labrador contains mostly igneous and 128 

metamorphic bedrock covered by extensive glacial till (Bell et al., 2011; Roberts et al., 2006; 129 

Wang et al., 2023). Medium- and fine-grained marine and glaciomarine sediments are common 130 

in lowland coastal areas, creating suitable conditions for peatland permafrost development 131 

(Hagedorn, 2022; O’Neill et al., 2019; Wang et al., 2023). Coastal ecotypes are primarily 132 

characterized by coastal barrens, with dense patches of forest found in select sheltered locations 133 

(Roberts et al., 2006; Wang et al., 2023). Wetlands are widespread along the coast, with most 134 

wetlands along the southern coastline classified as raised bogs (Foster & Glaser, 1986; Wang 135 

et al., 2023). 136 
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Materials and Methods 137 

Site selection 138 

A total of 20 peatland permafrost complexes in coastal Labrador were examined using 139 

uncrewed aerial vehicles (UAVs) and local field surveys (Table 1; Figure 1; Figures S1-S20). 140 

Potential sites were identified using 0.5 m resolution Maxar (Vivid) optical satellite imagery 141 

(available as basemap imagery in ArcGIS Online), local knowledge from community members, 142 

and a recent inventory of peatland permafrost complexes in coastal Labrador (Wang et al., 143 

2023). Site selection prioritised accessibility, contemporary usage by residents, availability of 144 

pre-existing data and monitoring infrastructure, and site representativeness of regional 145 

conditions. The peatland complexes examined in this study cover a range of latitudes, mean 146 

annual air temperatures, coastal proximities, degradation states, and disturbance levels (Table 147 

1; Figures 1-2) (Way et al., 2017). It should be noted that there is a risk of survivorship bias at 148 

southern sites since features near Blanc-Sablon and Red Bay are amongst the last remaining 149 

complexes in the area, whereas the central and more northern complexes were sampled across 150 

a broader range of site conditions (Wang et al., 2023). 151 

 152 

Data collection 153 

Recent advances in uncrewed aerial vehicles (UAV) and photogrammetry techniques 154 

like structure-from-motion (de la Barreda-Bautista et al., 2022; Fraser et al., 2020; Westoby et 155 

al., 2012) have allowed researchers to create centimeter-precise  three-dimensional models of 156 

landforms (Van der sluijs et al., 2018). At each of the 20 study sites, UAV surveys with 80% 157 

image overlap were collected at heights of 60 or 90 m above the ground surface to balance 158 

survey extents with ground sampling distances (Table 1). Surveys followed the Transport 159 

Canada guidelines for basic and/or advanced flight operations where applicable. Flights used a 160 

DJI Mavic 2 Pro or Autel EVO II Pro quadcopter, flown along double grid flight plans created 161 
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using the PIX4Dcapture or Autel Explorer flight planning apps, respectively. A minimum of 162 

four ground control points (GCPs) were collected at each site to optimize both accuracy and 163 

time efficiency (see Assmann et al., 2019); GCP points were collected using an EOS Arrow 164 

Gold GNSS or a Bad Eld Flex GNSS with satellite-based Atlas real-time kinematic corrections 165 

(4.8 cm to 10 cm vertical root mean square error) (Table 1). Frost probing and instantaneous 166 

ground temperature measurements were used to validate permafrost presence or absence in the 167 

field at 547 locations, and landform heights were measured at 105 points using an Abney level 168 

or clinometer. 169 

 170 

Image processing and classification 171 

 UAV imagery was processed in PIX4Dmapper 4.7.3 and 4.8.1 at full scale with points 172 

requiring a minimum of three image matches between photos (de la Barreda-Bautista et al., 173 

2022; Fraser et al., 2020; Westoby et al., 2012). Orthomosaics and point clouds were generated 174 

for each site at a resolution equal to the ground sampling distance (GSD) and then imported 175 

into Esri ArcGIS Pro 3.0.3 for derivation of elevation products and digitization of features 176 

(Figures S21-S40). Ground points in point clouds were classified using ArcGIS Pro’s 177 

automated classification tool, set to a standard classification scheme (Figure 3). The tool’s 178 

performance was visually assessed in vegetated areas and iteratively updated to apply more 179 

conservative classification schemes when performance was unsatisfactory in areas of thick 180 

vegetation. 181 

 182 

DTM and DSM generation 183 

A digital terrain model (DTM) and digital surface model (DSM) were created for each 184 

site from the point cloud data exported from PIX4Dmapper. Ground classified points (Figure 185 

3) were converted to a multipoint layer and then interpolated with inverse distance weighting 186 
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to create a continuous DTM raster with 5 cm resolution. The DSM was generated by sampling 187 

for the maximum point cloud return within a 5 cm window similar to Fraser et al (2020). Final 188 

DTM and DSM resolutions were chosen to be approximately two times the ground sampling 189 

distance of each survey. 190 

 191 

Permafrost landform delineation 192 

Palsas and peat plateaus were manually delineated in ArcGIS Pro using each site’s RGB 193 

orthomosaic and DTM (Figure 4A-4C; Figures S21-S40). Permafrost mounds were 194 

distinguished in the orthomosaic by their white-grey lichen cover (e.g., Cladonia arbuscula, 195 

Cladonia rangiferina, Ochrolechia frigida) or visibly exposed peat (Figure 4A-4C; Figure S20-196 

S41), which contrasted with the green, yellow and pink vegetation (e.g. Sphagnum spp., Carex 197 

spp.) of nearby wet depressions. Palsas and peat plateaus were also identified by their elevation, 198 

appearing raised and relatively even in the DTMs compared to their surroundings (Figure 4A-199 

4B). Only the largest and most obvious permafrost features could be delineated due to the 200 

degraded state of many of the features, making these tracings a conservative estimate of 201 

permafrost extent. The presence or absence of frozen ground was also determined in the field 202 

using frost probing and/or instantaneous ground temperature profiles (Way & Lewkowicz, 203 

2015) at a total of 547 locations and these data were used to inform feature delineation (Figure 204 

5; Figures S20-S40). The geolocated validation points, feature areas and perimeters were all 205 

evaluated and summarized in ArcGIS Pro. 206 

 207 

Peatland permafrost landform/patch indices 208 

Each polygon feature traced at a site was considered a single contiguous permafrost 209 

landform, or “patch”. A series of indices were calculated here to gather information on the 210 

shape, size and distribution of patches within a given wetland. Mean patch fractal dimension 211 
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(MPFD) provides an average measure of shape complexity at each study site, with larger values 212 

indicating more complex shapes. More complex shapes have larger surface areas, which can 213 

increase the lateral heat transfer from adjacent unfrozen terrain (Devoie et al., 2021; Mamet et 214 

al., 2017). MPFD is calculated as: 215 

[1]           𝑀𝑃𝐹𝐷 =  
∑ (

2 𝑙𝑛 𝑝𝑖
𝑙𝑛 𝑎𝑖

)𝑛
𝑖=1

𝑛
 216 

where p is the patch perimeter, a is the patch area, n is the total number of patches, and i is each 217 

individual patch (McGarigal & Marks, 1995). MPFD was calculated using FRAGSTATS 218 

software (McGarigal & Marks, 1995). 219 

Fragmentation of permafrost features was also assessed using the patch fragmentation 220 

index (PFI), calculated as: 221 

[2]         𝑃𝐹𝐼 =  
4

5
⋅ (1 −

𝐴𝑝

𝐴𝑖
) +

1

5
⋅ (

𝑀𝑃𝐹𝐷

2
) 222 

where Ap is total patch area, Ai (area of influence) is the total area that the landform could 223 

have covered if it had not undergone fragmentation or degradation, and MPFD is the mean 224 

patch fractal dimension (McGarigal & Marks, 1995; Rivas et al., 2022). The total area of the 225 

bog captured within the survey was used to approximate Ai (Figures S21-S40), and parts of the 226 

bog not captured in the survey were excluded, since permafrost abundance in these areas is 227 

unknown. Higher values of PFI represent increased avenues for lateral heat transfer, thereby 228 

creating greater thaw susceptibility.  229 

 230 

Peatland permafrost landform characteristics  231 

Determining the height of palsas and peat plateaus relative to the surrounding bog 232 

presented a unique challenge due to natural undulations and sloping terrain. Comparing the 233 

altitude of a palsa to the mean altitude of the unfrozen bog led to substantial under- or over-234 

estimations compared to field-derived height measurements. To address this issue, surface 235 
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elevations were measured at randomly generated points within the mapped permafrost area 236 

(n=1000) and in nearby unfrozen terrain within 5 m of feature outlines (n=1000) (Figure 3D). 237 

No points were generated within a 0.5 m buffer on either side of feature outlines to account for 238 

mapping uncertainties. Heights were calculated as the difference in elevation between each 239 

random point on the permafrost feature and the nearest point in the unfrozen terrain; in the rare 240 

case where a polygon did not contain a randomly generated point, heights were manually 241 

calculated using the DTM. These sample points (n=1000) were also used to extract vegetation 242 

heights overlying permafrost features by differencing the DSM and the DTM at each point 243 

location. 244 

 Finally, landforms with greater excess ice or a higher ice content require more energy 245 

to thaw due to latent heat effects (Hayashi et al., 2007). Above-ground landform volume was 246 

used to estimate the amount of excess ice within permafrost features (Lewkowicz et al., 2011). 247 

The volume for each individual polygon feature was estimated assuming a hemi-ellipsoidal 248 

shape, calculated as:  249 

[3]    𝑉 = 2/3 ⋅ 𝜋 ⋅ 𝑟3 , or  250 

𝑉 = 2/3 ⋅ 𝑏𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎 ⋅ 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 ℎ𝑒𝑖𝑔ℎ𝑡 251 

Total volume was divided by the site area, providing a standardised estimate of 252 

average volumetric excess ice content (VEIC) per m². 253 

 254 

Relative resiliency index 255 

 A novel resiliency index was developed to quantitatively assess relative thaw 256 

vulnerability across the 20 study sites. This index incorporated three metrics that could affect 257 

the surface energy balance: percent area of bog underlain by permafrost, PFI, and VEIC. Sites 258 

with higher permafrost areas and ice contents are assumed to require more overall energy to 259 

thaw, resulting in higher resiliency. By contrast, fragmentation increases the surface area 260 
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directly exposed to lateral energy exchanges, decreasing landform resiliency; PFI values were 261 

therefore inverted prior to calculations. Each metric was normalised to range between 0 and 1, 262 

then all three indices were averaged for each site. All metrics were equally weighted in the 263 

resiliency index because the relative controls on peatland permafrost resiliency have not yet 264 

been properly assessed in the region.  265 

 266 

Latitudinal trends 267 

 Regional means of six different variables (PFI, MPFD, resiliency, percent area, 268 

maximum feature height, and VEIC) were also compared to latitude to examine coarse spatial 269 

trends in the results (Figure 9).  270 

 271 

Results 272 

Permafrost patch characteristics 273 

 Total permafrost area mapped per site ranged from 402 ± 8 m2 at CW5 to 68,957 ± 274 

1,251 m2 at NA2, with a median value of 8,285 m2 (Table 2). Percent permafrost coverage, 275 

calculated as the total permafrost area divided by the area of the bog captured in the survey 276 

multiplied by 100, ranged from 0.59 ± 0.01% at CW5 to 58.73 ± 0.90% at CW1, with a median 277 

value of 10.2% (Table 2). The sites with the largest permafrost extents were found near Nain, 278 

Rigolet and Cartwright, however sites with small extents are found in all regions. Apart from 279 

CW1 and NA2, all sites had less than 30% permafrost coverage. 280 

The total number of permafrost patches per site ranged from 2 at CW1 to 88 at RB4, 281 

with a median number of patches of 17 (Table 2). Average patch area ranged from 42 m2 at 282 

CW4 to 14,233 m2 at CW1 (Table 2). Notably, the Sandwich Bay region adjacent to the 283 

community of Cartwright included both the site with the smallest average patches and the site 284 

with the largest average patches. Median patch size across all sites was 259 m2. 285 
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Maximum vegetation height ranged from 0.02 ± 0.01 m at CW2 to 1.58 ± 0.11 m at 286 

RG3, with a median value of 13 cm across all sites (Table 2). Tall or shrubby vegetation (i.e., 287 

vegetation height > 50 cm) was found at two sites near Cartwright, two sites near Rigolet, and 288 

one site near Nain, but was not found at any sites near Black Tickle, Blanc-Sablon, or Red Bay 289 

(Table 2).  Notably, maximum vegetation height was below the detectable limit at BT2 (0.04 290 

± 0.12 m), RB1 (0.07 ± 0.09 m) and RB2 (0.08 ± 0.14 m) (Table 2). Average vegetation height 291 

was less than 3 cm at each site, with a study-wide mean vegetation height of approximately 1 292 

cm. 293 

 294 

Shape and fragmentation indices 295 

MPFD provides information on two-dimensional landform shape complexity, with 296 

values closer to 1 indicating simple geometries such as squares or circles whereas values closer 297 

to 2 indicate complex shapes with complicated perimeters (McGarigal & Marks, 1995). MPFD 298 

values at the sites ranged from 1.03 at RB4 to 1.30 at CW4, with a median MPFD value across 299 

all sites of 1.22 (Table 3). These low values indicate that peatland permafrost landforms in 300 

Labrador have relatively simple shapes and perimeters. 301 

PFI, an index of landform fragmentation, was used to assess permafrost patch 302 

fragmentation at each study site. Fifteen out of the twenty study sites had a PFI over 0.8, which 303 

is considered a very high level of fragmentation (Rivas et al., 2022). Four sites had PFIs 304 

between 0.6 and 0.79, considered to be highly fragmented, and one site (CW1) had a PFI index 305 

value in the medium fragmentation category (0.4 to 0.59). 306 

 307 

Feature heights and volumetric excess ice contents 308 

Site-level mean feature heights were calculated using the maximum height from each 309 

permafrost patch. Mean feature heights ranged from 0.15 m at RB1 to 1.8 m at NA1, with a 310 
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median value of 0.5 m across all sites (Table 2). Similarly, maximum feature heights ranged 311 

from 0.21 ± 0.09 m at RB1 to 3.7 ± 0.12 m at NA1, with significant within and across site 312 

variability (Figure 6; Table 2).  313 

The estimated median volumetric excess ice content (VEIC) across all sites was 0.034 314 

m3 of excess ice per m2. VEICs ranged from 0.001 m3/m2 (RB1) to 0.263 m3/m2 (CW1), with 315 

the highest regional variability found near Rigolet and Cartwright (Figure 7). Notably, all sites 316 

near Red Bay and Blanc-Sablon reported VEICs below the study wide median VEIC.  317 

 318 

Vulnerability assessment 319 

Eleven out of the twenty sites were classified as having very low thaw resiliency (0 - 320 

0.2) while seven had low thaw resiliency (0.2 - 0.4) (Figure 8, Table 3). Only two sites were 321 

considered to have high (0.6 - 0.8) or very high (0.8 - 1) resiliency, with one site near Cartwright 322 

(CW1) and another near Nain (NA2) (Figure 8, Table 3).   323 

 324 

Spatial trends 325 

 Statistically significant (p<0.05) positive latitudinal relationships were observed for 326 

resiliency, maximum feature height, and VEIC (Figure 9). MPFD also showed a statistically 327 

significant non-linear (2nd order polynomial) association with latitude, wherein MPFD values 328 

were low at the southernmost and northernmost sites but high at sites in central Labrador. 329 

 330 

Discussion 331 

Characterisation of peatland permafrost in Labrador 332 

Investigated peatland permafrost complexes in coastal Labrador varied in size, 333 

characteristics, morphology, and fragmentation. Average landform size ranged from 42 m2 at 334 

a southern site to 14,233 m2 at a central outer-coast site (Table 2). Sites near the southern end 335 
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of the study area often contained only a few isolated patches of permafrost, while others farther 336 

north near Black Tickle, Cartwright, and Rigolet included more intact peat plateaus. Landform 337 

sizes reported in this analysis fall within the ranges reported by other studies (Allard & 338 

Rousseau, 2002; Dyke & Sladen, 2010; Emmert & Kniesel, 2021; Fillion et al., 2014; 339 

Pironkova, 2017, Verdonen et al., 2022). For example, Pironkova (2017) reported features 340 

ranging from 10 m2 to 117,894 m2 in northern Ontario, with 75% of all mapped features ranging 341 

between 50 m2 and 3,000 m2 (Pironkova, 2017). Landforms in Québec, northwestern Canada, 342 

Iceland, and Scandinavia were reported to range in size from 30 m2 to 4,000 m2, with landform 343 

areas appearing comparable between all four regions (Allard & Rousseau, 2002; Dyke & 344 

Sladen, 2010; Emmert & Kniesel, 2021; Fillion et al., 2014; Pironkova, 2017, Verdonen et al., 345 

2022). The smallest observed permafrost patches from this study often skewed smaller than 346 

those described in other regions; however, this is likely due to our use of UAVs which 347 

generated higher resolution imagery than many of the satellite-imagery based studies.  348 

Generally, landform heights in coastal Labrador are more comparable to observations 349 

from northern Ontario and Scandinavia than features described in northern Québec, the 350 

Northwest Territories, and Yukon Territory (Allard & Rousseau, 2002; Dyke & Sladen, 2010; 351 

Emmert & Kniesel, 2021; Fillion et al., 2014; Pironkova, 2017, Verdonen et al., 2022). Most 352 

palsas and peat plateaus in this study were less than 1 metre tall, with the tallest features within 353 

a given complex rarely exceeding 2 metres (Table 2; Figure 6). Landforms near Attawapiskat, 354 

Ontario (52.9°N) are described as 1 m tall or less (Pironkova, 2017), which is similar to the 355 

maximum feature heights found near Blanc-Sablon (51.5°N) and Red Bay (51.8°N) presented 356 

in our analysis (Table 2; Figure 6). However, permafrost landforms between 55.1°N and 357 

57.6°N in northern Québec were reported to range from 2 m to 6 m (Allard & Rousseau, 2002; 358 

Fillion et al., 2014), whereas maximum feature heights near Nain (56.6°N) only reached 3.65 359 

± 0.12 m (Table 2).  360 
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Like previous studies, we observed a correlation between maximum landform height 361 

and latitude (Figure 9) with northern sites containing taller features than most southern sites 362 

(Allard & Rousseau, 2002; Pironkova 2017). However, considerable variability in feature 363 

heights within and across sites suggests that other factors, such as surficial deposits, human 364 

and wildlife disturbance, and local microclimate (e.g., coastal proximity), also play an 365 

important role in promoting taller landforms (Figure 6). Sites on outer islands and/or directly 366 

on the coast (e.g., CW1, RB4) were typically larger and less fragmented than inland sites (e.g., 367 

CW4, RB1) in the same area, indicating that coastal microclimate could be a key factor for 368 

landform resilience in Labrador (Table 2; Table 3). Sites with evidence of heavy human 369 

disturbance such as skidoo trails (e.g., CW4), also exhibited higher levels of fragmentation than 370 

other less disturbed complexes in the same region (Table 3).  371 

Most peatland permafrost complexes were dominated by lichen cover (e.g., 372 

Ochrolechia frigida, Cladonia rangiferina), dwarf shrubs (Betula glandulosa, Empetrum 373 

nigrum, Vaccinium uliginosum), and short herbaceous vegetation (Rubus chamaemorus), with 374 

average vegetation heights below 3 cm at all sites. While five sites contained vegetation taller 375 

than 50 cm (Table 2), only one of these sites (NA1) exhibited tall vegetation cover in more 376 

than a single isolated patch. This is in stark contrast to other parts of Canada, where peatland 377 

permafrost is densely forested (Picea mariana) (Baltzer et al., 2014; Carpino et al., 2021; 378 

Pironkova et al., 2017). While palsas in Québec reported similarly short vegetation near their 379 

tallest points, they also tend to support tall trees along edges (Allard & Rousseau, 2002). As 380 

such, we consider the complexes described in coastal Labrador to be more similar to those 381 

described in Iceland and Scandinavia, which are characterised by lichen, moss, and dwarf shrub 382 

vegetation cover (Emmert & Kniesel, 2021; Verdonen et al., 2022). 383 

 384 

Resilience of peatland permafrost complexes and ecosystems  385 
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  The space-for-time substitution transect presented in this study provides important 386 

insights into the future evolution of peatland permafrost in coastal Labrador. In particular, the 387 

complexes found near Blanc-Sablon and Red Bay are inferred to have low ice contents, low 388 

heights, and low resiliency compared to central and northern sites (Figure 9). The results are 389 

interpreted to be a result of ongoing climatic warming and subsequent permafrost thaw in the 390 

region (Barrette et al., 2020; Wang et al., in press), and likely represent the trajectory of 391 

landforms in coming decades.  392 

The estimated volumetric ice contents reported in this study provide an indication of 393 

thaw resiliency because of the greater energy required to thaw excess ground ice; however, 394 

higher VEIC estimates also indicate greater thermokarst potential. While VEIC was shown to 395 

increase with latitude (Figure 9), sites with very low VEIC values were found across a range 396 

of latitudes (Figure 7). Sites with the lowest VEIC values were either further inland (e.g., RB1) 397 

or contained evidence of human disturbance (e.g., RG2), highlighting the importance of local-398 

scale factors in maintaining landforms.  399 

Four of the sites in this study have been previously visited by other researchers, who 400 

documented heights and general characteristics of the landforms at the time. Palsas and peat 401 

plateaus at CW5 were reported to be 1.5 m tall when visited in 1968 (Brown, 1975) and 1.0 m 402 

tall in 2014 (Way et al., 2018). The tallest reported height from our 2021 field visit was 0.7 m, 403 

indicating an accelerated rate of thaw in recent years (Table 2). Similarly, between 2014 and 404 

2021, reported maximum heights decreased from 1.0 m to 0.8 m at RB2, 1.4 m to 1.1 m at BS1, 405 

and 1.3 m to 0.6 m at CW4 (Table 2) (Way et al., 2018). Visual evidence of feature degradation, 406 

including thermokarst ponding, exposed peat, and peat cracking, were present at every site 407 

within this study, indicating ongoing thaw-related ecosystem and landscape modification. 408 

These results align with recent analyses by Wang et al. (in press), who reported substantial 409 
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thaw of peatland permafrost landforms at seven locations in coastal Labrador since as early as 410 

1948.   411 

The vast majority (95%) of study sites exhibited high or very high levels of 412 

fragmentation, with no significant latitudinal relationship (Table 3; Figure 9). However, a 2nd 413 

order polynomial fit between latitude and MPFD suggested peak MPFD occurred in the central 414 

portion of the study transect (Figure 9). Mamet et al. (2017) noted this type of pattern may 415 

reflect an increase in landform shape complexity during initial thaw stages, followed by a 416 

decrease in complexity in later degradational stages. This pattern could also be indicative of 417 

the presence of taliks or expanded vegetation patches accelerating thaw along uneven 418 

boundaries, creating irregular landform shapes (Devoie et al., 2021; Jean & Payette, 2014b). 419 

Theoretically, continued thaw would lead to accelerated thaw on lateral margins and 420 

protrusions formed during initial fragmentation stages, resulting in a return to simpler landform 421 

shapes (Mamet et al., 2017).  422 

Our index-based assessment of relative peatland permafrost resiliency suggests that 423 

most of our study sites are highly vulnerable to thaw (Figure 8). All sites south of 53.8°N 424 

(n=13) were considered to have low or very low resiliency relative to other complexes in the 425 

region (Figure 8). Mean annual air temperatures of +1.5°C at southern sites are already near 426 

previously established thresholds for the maintenance of permafrost (Shur & Jorgenson, 2007; 427 

Way et al., 2017); therefore, recent climatic warming (Barrette et al., 2020) has likely 428 

negatively impacted these complexes. Sites with peat plateaus generally had higher relative 429 

resiliency indices than comparably situated palsa sites (Table 3; Figure 8). Recent work from 430 

elsewhere in coastal Labrador has observed slower thaw rates for peat plateaus compared to 431 

palsas, suggesting a link between landform morphology and resiliency (Wang et al., in press).  432 

Only two sites in this study (NA2 and CW1) were classified as having a high or very 433 

high thaw resiliency. These two sites contained more permafrost, taller features, and relatively 434 
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minimal evidence of ongoing fragmentation processes compared to other sites in the region. 435 

However, even these high resiliency sites contained evidence of thaw such as peat cracking 436 

and thermokarst ponding (Sollid & Sorbel, 1998; Luoto & Seppala, 2003). The relative 437 

resiliency index may therefore overestimate resiliency levels, though it would be difficult to 438 

rectify this without finding a model study site for comparison.  439 

 440 

Impacts of thaw 441 

The dry, lichen-dominated vegetation found on unforested peatland permafrost tends to 442 

shift towards wet-sedges, mosses, and tall shrubs following feature degradation (Bosiö et al., 443 

2012; Christensen et al., 2004). These shifts are expected to have significant negative 444 

consequences for cultural keystone wildlife species for Labrador Inuit and Labrador Innu, such 445 

as caribou (Borish et al., 2021; Schmelzer et al., 2020). It is estimated that peatlands cover 40% 446 

of the habitat used by the threatened Mealy Mountain caribou herd, with elevated lichen-rich 447 

permafrost mounds potentially comprising important winter forage for the herd (Errington et 448 

al., 2022; Kumpala 2004; Schmelzer et al., 2020). Six of our study sites overlap with the Mealy 449 

Mountain herds range, with four of these sites demonstrating very low resiliency and one 450 

exhibiting low resiliency (Figure 8). Peatland permafrost degradation increases local snow 451 

depths, increases summer wetness, and alters plant community composition, which could in-452 

turn decrease winter forage quality in the region (Anderson et al., 2018; Istomin & Habeck, 453 

2016; Johnson, 2022; Markkula et al., 2019). However, some studies suggest that thaw could 454 

result in increased total forage biomass, so the net effect of these projected changes for local 455 

herds remains uncertain (Istomin & Habeck, 2016; Markkula et al., 2019). 456 

Previous research has also shown palsa and peat plateau subsidence often results in a 457 

shift from dry, uplifted features towards flat, water-saturated terrain (Disher et al., 2021) with 458 

direct impacts on local plant communities (Arlen-Pouliot & Bhiry, 2005). Bakeapples (appik, 459 
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shikuteu, cloudberries, Rubus chamaemorus) are a culturally important berry species that are 460 

typically abundant on palsas and peat plateaus (Anderson et al., 2018). While initial landform 461 

thaw may increase nutrient availability for these plants, bakeapples are not well-adapted to long 462 

term survival in wet environments (Keuper et al., 2017; Markulla et al., 2019). Results from 463 

this analysis suggest likely widespread degradation of peatland permafrost in the near-future 464 

(Figure 8), which would reduce the abundance and accessibility of important berry-picking 465 

grounds (Markkula et al., 2019).  466 

 467 

Limitations 468 

Using UAVs in this study allowed us to efficiently compare indices across highly 469 

variable sites. However, only a handful of previous studies have used UAVs for similar 470 

purposes (de la Barreda-Bautista, 2022; Verdonen et al., 2022), thus it was difficult to assess 471 

our results in comparison to other regions. Additionally, among peatland permafrost studies 472 

that describe geomorphological parameters, there are inconsistencies in how these data are 473 

reported. For example, permafrost area was variably reported as the total area at a site, the total 474 

area for a large region, by average landform size, or by individual landform area/diameters, 475 

depending on the study (Allard & Rousseau, 2002; Borge et al., 2017; Dyke & Sladen, 2010; 476 

Emmert & Kniesel, 2017; Mamet et al., 2017; Pironkova, 2017; Verdonen et al., 2022). 477 

Furthermore, characteristics such as height, volume, and fragmentation are sparse within the 478 

literature. Providing more comprehensive and descriptive geomorphological parameters in 479 

peatland permafrost studies would enhance the ability for researchers to compare site 480 

characteristics.  481 

Many of the wetlands in coastal Labrador cover several km2 with unclear boundaries, 482 

making it difficult to collect UAV imagery for the entire bog. Survey areas tried to prioritise 483 

areas with high landform density, however it is important to note that the reported values should 484 
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only be discussed in relation to the survey area, not to the overall wetland. As UAV technology 485 

improves and battery life extends, larger surveys could be paired with high resolution satellite 486 

imagery to help improve these statistics. Site access was also a major challenge, so some 487 

regions with high densities of peatland permafrost were not surveyed. Further work in the 488 

regions between Rigolet and Nain would improve our understanding of the characteristics and 489 

potential resiliency of features along this section of the Labrador Sea coastline.   490 

 Finally, it is important to consider the potential for survivorship bias when assessing 491 

the contemporary characteristics of peatland permafrost complexes in southern Labrador. This 492 

study examined sites where permafrost currently persists, and thus did not examine fully 493 

thawed sites that previously contained permafrost. The limited number of peatland permafrost 494 

complexes still present in southern Labrador may be representative of the most resilient 495 

landforms of a formerly larger population of peatland permafrost complexes. Therefore, while 496 

these southern sites can be used to extrapolate out the future state of some northern features, it 497 

is important to remember that other peatland permafrost complexes may degrade altogether. 498 

 499 

Conclusion 500 

 High-resolution UAV surveys of peatland permafrost spanning from 51.4° N to 56.5°N 501 

along the Labrador Sea coastline provide insight into the characteristics and vulnerability of 502 

peatland permafrost complexes in the region. Permafrost landform height, extent, and 503 

vegetation cover at surveyed sites in Labrador were more similar to features described in 504 

northern Europe than the larger, more heavily vegetated features found in western Canada. A 505 

novel relative resiliency index derived in this study indicates that most peatland permafrost 506 

complexes in the region have a low thaw resiliency, making them vulnerable to degradation in 507 

the near future. This is the first large-scale descriptive study of peatland permafrost within 508 

Labrador and provides the baseline geomorphological information necessary for future 509 
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modelling, change assessment, and land management projects in this understudied region of 510 

Canada. 511 
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Tables 535 

Table 1. Summary of UAV survey information for peatland permafrost study sites. 536 

Site 

name 

Lat, 

Long 

Date of 

survey 

UAV 

model 

Flight 

altitude 

Study 

area 

size (m2) 

GSD 

(cm/ 

pixel) 

Number 

of GCPs 

Mean 

GCP 

VRMS 

(m) 

Site 

type 

NA1 
56.49, 

-61.40 
2022-08-26 

DJI Mavic 

2 Pro 
90 99, 256 2.14 6 0.063 Palsa 

NA2 
56.46, 

-61.51 
2022-08-25 

DJI Mavic 

2 Pro 
90 228, 047 2.14 7 0.052 Palsa 

RG1 
54.28, 

-58.27 
2021-08-12 

DJI Mavic 

2 Pro 
90 241, 111 2.14 7 0.058 Mixed 

RG2 
54.16, 

-58.46 
2021-08-09 

DJI Mavic 

2 Pro 
90 249, 925 2.14 8 0.049 Palsa 

RG3 
54.11, 

-57.88 
2022-08-11 

Autel Evo 

II Pro 
90 141, 637 2.04 7 0.054 Mixed 

RG4 
54.01, 

-58.56 
2022-08-09 

DJI Mavic 

2 Pro 
60 71, 878 1.43 6 0.066 Mixed 

CW1 
53.85, 

-56.96 
2022-08-14 

Autel Evo 

II Pro 
90 131, 577 2.04 6 0.065 Plateau 

CW2 
53.75, 

-56.74 
2021-08-31 

DJI Mavic 

2 Pro 
90 125, 621 2.14 6 0.062 Plateau 

CW3 
53.72, 

-57.10 
2021-09-03 

DJI Mavic 

2 Pro 
90 153, 151 2.14 8 0.051 Mixed 

CW4 
53.71, 

-57.01 
2021-09-02 

DJI Mavic 

2 Pro 
90 172, 102 2.14 8 0.057 Palsa 

CW5 
53.69, 

-57.02 
2021-08-30 

DJI Mavic 

2 Pro 
90 140, 524 2.14 8 0.060 Palsa 

BT1 
53.46, 

-55.81 
2022-08-18 

DJI Mavic 

2 Pro 
60 46, 030 1.43 4 0.065 Plateau 

BT2 
53.46, 

-55.82 
2021-08-29 

DJI Mavic 

2 Pro 
60 67, 777 1.43 7 0.076 Plateau 

BT3 
53.42, 

-55.85 
2022-08-17 

Autel Evo 

II Pro 
60 89, 838 1.36 4 0.054 Mixed 

BT4 
53.41, 

-55.83 
2022-08-17 

DJI Mavic 

2 Pro 
90 116, 366 2.14 4 0.052 Mixed 

RB1 
51.81, 

-56.38 
2022-08-01 

DJI Mavic 

2 Pro 
60 54, 313 1.43 5 0.070 Palsa 

RB2 
51.76,

-56.41 
2021-07-24 

DJI Mavic 

2 Pro 
60 63,170 1.43 6 0.080 Palsa 

RB3 
51.75, 

-56.43 
2021-07-26 

DJI Mavic 

2 Pro 
60 63,330 1.43 6 0.088 Palsa 

RB4 
51.74, 

-56.41 
2021-07-26 

DJI Mavic 

2 Pro 
60 83,050 1.43 6 0.056 Palsa 

BS1 
51.46, 

-57.19 
2021-08-02 

DJI Mavic 

2 Pro 
60 68, 100 1.43 6 0.070 Palsa 

 537 
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Table 2. Summary statistics on permafrost area, extent, patch number, patch size, feature height 538 

and vegetation height for all 20 sites surveyed in this study. 539 

Site 

Percent 

area 

coverage 

(%) 

Total 

permafrost 

extent (m2) 

Number 

of 

patches 

Average 

patch 

size 

(m2) 

Average 

feature 

height 

(m) 

Maximum 

feature 

height 

(m) 

Maximum 

vegetation 

height 

(m) 

NA1  13.58±0.35  12,151±236  18  655  1.81  3.65±0.12  1.13±0.12  

NA2  31.27±0.88  68,957±1,251  34  1,840  0.95  2.18±0.04  0.23±0.04  

RG1  14.69±0.70  29,111±582  39  746  0.97  2.63±0.01  0.49±0.01  

RG2  3.43±0.04  5,315±106  28  190  0.43  1.00±0.01  0.21±0.01  

RG3  9.25±0.28  10,238±205  14  731  0.61  1.37±0.11  1.58±0.11  

RG4  9.12±0.43  9,866±197  7  1,409  0.99  1.78±0.09  1.01±0.09  

CW1  58.73±0.90  28,402±569  2  14,233  1.16  1.83±0.01  0.12±0.01  

CW2  25.75±0.25  19,497±3130  16  1,219  0.63  1.14±0.01  0.02±0.01  

CW3  7.90±0.10  6,519±390  36  181  0.52  1.03±0.05  0.52±0.05  

CW4  1.41±0.05  2,335±47  56  42  0.20  0.59±0.06  0.57±0.06  

CW5  0.59±0.01  402±8  3  134  0.39  0.71±0.08  0.08±0.08  

BT1  11.97±0.07  4,623±92  3  1,541  0.80  1.09±0.01  0.04±0.01  

BT2  27.24±0.09  7,971±159  28  285  0.39  0.86±0.12  0.04±0.12  

BT3  13.69±0.15  10,586±212  10  1,059  0.57  0.94±0.01  0.21±0.01  

BT4  9.12±0.25  8,599±172  37  232  0.42  1.10±0.01  0.04±0.01  

RB1  2.25±0.90  478±10  8  60  0.15  0.21±0.09  0.07±0.09  

RB2  3.58±0.01  1,166±23  22  53  0.39  0.82±0.14  0.08±0.14  

RB3  4.10±0.04  990±20  5  198  0.45  0.92±0.09  0.12±0.09  

RB4  11.15±0.17  7,857±157  88  89  0.28  0.64±0.01  0.09±0.01  

BS1  14.81±0.02  12,151±47  14  169  0.44  1.24±0.08  0.13±0.08  

 540 
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Table 3. Mean patch fractal dimension (MPFD), patch fragmentation index (PFI) and relative 541 

resiliency index (RRI) for each study site. 542 

 543 

 544 

 545 

 546 

 547 

 548 

 549 

 550 

 551 

 552 

 553 

 554 

Site MPFD PFI Resiliency 

NA1 1.17 0.81 0.38 

NA2 1.13 0.66 0.68 

RG1 1.18 0.80 0.36 

RG2 1.25 0.90 0.04 

RG3 1.18 0.84 0.15 

RG4 1.19 0.81 0.31 

CW1 1.25 0.46 1.00 

CW2 1.22 0.72 0.39 

CW3 1.22 0.86 0.11 

CW4 1.30 0.92 0.01 

CW5 1.16 0.91 0.01 

BT1 1.28 0.83 0.21 

BT2 1.27 0.71 0.37 

BT3 1.22 0.81 0.23 

BT4 1.20 0.85 0.14 

RB1 1.26 0.91 0.02 

RB2 1.27 0.90 0.04 

RB3 1.25 0.89 0.05 

RB4 1.03 0.81 0.17 

BS1 1.17 0.80 0.19 
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 555 

Figures 556 

Figure 1. Left: Distribution of study sites across coastal Labrador, with inset map showing 557 

location of study region within Canada. Right: Large scale maps of study sites near the 558 

communities of (A) Nain, (B) Rigolet, (C) Cartwright, (D) Black Tickle, (E) Red Bay and (F) 559 

Blanc-Sablon. Satellite imagery is sourced from Maxar (Vivid) optical satellite imagery, 560 

acquired via the Esri ArcGIS Online World Imagery basemap. 561 

 562 
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Figure 2. Aerial imagery of (A) NA1, (B) RG1, (C) CW1, and (D) RB1 acquired with a DJI 563 

Mini 2 Pro or DJI Mini 3 Pro. The peatland permafrost complexes pictured here demonstrate a 564 

variety of sizes, shapes, and degradation states observed in the region.  565 

 566 

 567 

 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 
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Figure 3: Oblique view of NA1 point cloud showing (A) all points in RGB; (B) all points shown 577 

by land cover classification (brown = ground, light green = tall vegetation, medium green= 578 

medium vegetation, dark green = short vegetation); (C) ground classified points shown in RGB; 579 

and (D) ground classified points shown by land cover classification. 580 

 581 

 582 
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Figure 4. Example of feature delineation and data extraction of a palsa at RG4. (A) DTM, (B) 583 

feature tracings overlain on DTM (C) feature tracings overlain on orthomosaic, and (D) feature 584 

tracing and corresponding buffer zone of 0.5 m, displaying the location of the randomly 585 

generated points on the palsa (green dots) and off the palsa (blue dots). 586 

 587 

 588 

 589 

 590 

 591 

 592 
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 593 

Figure 5: Interpreted peatland permafrost landform extents (green polygons) overlain on a 594 

UAV-derived orthomosaic of RB2. Points show probing locations classified according to 595 

whether frozen soil was detected (green points = frozen, red points = unfrozen). All probe point 596 

locations were collected with a GARMIN GPSMAP 66SR handheld unit (± 1.8 m). 597 

 598 

 599 

 600 

 601 

 602 

 603 
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 604 

Figure 6. Heights of permafrost mounds from the 1000 randomly distributed matched pairs of 605 

peatland permafrost and bog points. Boxes range from 25th percentile to 75th percentile, with 606 

the thick black line representing the sample median. Whiskers extend to the minimum and 607 

maximum values within 1.5 times the interquartile range. Values outside this range are 608 

represented as points. 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 
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 621 
Figure 7. Estimated volumetric excess ice content (m3) standardised by site area (m2) for each 622 

study site. 623 

 624 

 625 

 626 

 627 

 628 

 629 

 630 

 631 
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 633 

Figure 8. Thaw resiliency of study sites overlain on a peatland permafrost complex density map 634 

in Labrador (Wang et al., 2023). 635 

 636 
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Figure 9. Scatterplots showing the relationships between latitude and (A) PFI, (B) MPFD, (C) 637 

resiliency, (D) percent area, (E) maximum height, and (F) VEIC. Points represent the mean 638 

value across all study sites near a given community (BS = Blanc-Sablon, RB = Red Bay, BT = 639 

Black Tickle, CW = Cartwright, RG = Rigolet, NA = Nain). Significant (p<0.05) linear and 2nd 640 

order polynomial relationships are shown by trendlines, with corresponding R2 values shown 641 

on plot. 642 
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S1 - Site Photos 919 

 Photos taken at ground level in 2021 or 2022 are provided for all twenty study sites.  920 

 921 

Figure S1. Site photo of NA1 taken in 2022. 922 
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Figure S2. Site photo of NA2 taken in 2022. 938 
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Figure S3. Site photo of RG1 taken in 2021. 950 
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Figure S4. Site photo of RG2 taken in 2021. 951 

 952 

Figure S5. Site photo of RG3 taken in 2022. 953 
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Figure S6. Site photo of RG4 taken in 2022. 954 

 955 

Figure S7. Site photo of CW1 taken in 2021. 956 
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Figure S8. Site photo of CW2 taken in 2021. 961 
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Figure S9. Site photo of CW3 taken in 2021. 963 
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Figure S10. Site photo of CW4 taken in 2022. 974 
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 976 

Figure S11. Site photo of CW5 taken in 2021 977 



 
51 

 

 

 978 

Figure S12. Site photo of BT1 taken in 2022. 979 

 980 

Figure S13. Site photo of BT2 taken in 2021. 981 
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Figure S14. Site photo of BT3 taken in 2022. 984 

 985 

Figure S15. Site photo of BT4 taken in 2022. 986 
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 989 

Figure S16. Site photo of RB1 taken in 2021. 990 
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 992 

Figure S17. Site photo of RB2 taken in 2021 993 
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Figure S18. Site photo of RB3 taken in 2022. 997 

 998 

 999 

Figure S19. Site photo of RB4 taken in 2021. 1000 
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 1003 

Figure S20. Site photo of BS1 taken in 2021. 1004 
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 1011 

 1012 

 1013 

 1014 

 1015 

 1016 



 
56 

 

 

S2 - Orthomosaics and peatland permafrost tracings 1017 

Orthomosaics for all twenty sites visited in this study. Traced polygons show the 1018 

boundaries of permafrost mounds and are superimposed on site Orthomosaics. The thick black 1019 

lines show the boundary of the bog within each survey, excluding some areas near survey edges 1020 

where data was sparse. Differently coloured polygons are solely used to simplify visualization, 1021 

and do not reflect differences in data or processing. Superimposed points show confirmed 1022 

presence (blue) or absence (red) of frozen ground from frost probing or temperature profiles. 1023 

 1024 

Figure S21. Orthomosaic of NA1 with overlain peatland permafrost tracings. 1025 

 1026 

 1027 

 1028 

 1029 

 1030 
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Figure S22. Orthomosaic of NA2 with overlain peatland permafrost tracings. 1031 

Figure S23. Orthomosaic of RG1 with overlain peatland permafrost tracings. 1032 

 1033 

 1034 

 1035 
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Figure S24. Orthomosaic of RG2 with overlain peatland permafrost tracings. 1036 

 1037 

 1038 

Figure S25. Orthomosaic of RG3 with overlain peatland permafrost tracings. 1039 
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 1040 

Figure S26. Orthomosaic of RG4 with overlain peatland permafrost tracings. 1041 

 1042 

Figure S27. Orthomosaic of CW1 with overlain peatland permafrost tracings. 1043 
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Figure S28. Orthomosaic of CW2 with overlain peatland permafrost tracings. 1044 

Figure S29. Orthomosaic of CW3 with overlain peatland permafrost tracings. 1045 

 1046 

 1047 
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Figure S30. Orthomosaic of CW4 with overlain peatland permafrost tracings. 1048 

Figure S31. Orthomosaic of CW5 with overlain peatland permafrost tracings. 1049 

 1050 

 1051 
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Figure S32. Orthomosaic of BT1 with overlain peatland permafrost tracings 1052 

Figure S33. Orthomosaic of BT2 with overlain peatland permafrost tracings 1053 

 1054 

 1055 

 1056 

 1057 
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Figure S34. Orthomosaic of BT3 with overlain peatland permafrost tracings 1058 

Figure S35. Orthomosaic of BT4 with overlain peatland permafrost tracings 1059 

 1060 

 1061 

 1062 
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Figure S36. Orthomosaic of RB1 with overlain peatland permafrost tracing 1063 

Figure S37. Orthomosaic of RB2 with overlain peatland permafrost tracings 1064 

 1065 
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Figure S38. Orthomosaic of RB3 with overlain peatland permafrost tracings 1066 

Figure S39. Orthomosaic of RB4 with overlain peatland permafrost tracings 1067 

 1068 

 1069 

 1070 
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Figure S40. Orthomosaic of BS1 with overlain peatland permafrost tracings 1071 

 1072 
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S3- Digital workflow 1074 

 1075 

Figure S41. Diagram showing workflow for digital processing steps used in this study. White 1076 

boxes represent digital processing steps, while blue boxes represent raw or processed data. 1077 


