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Abstract

Palsasand peat plateaus in subarctic peatlands are some of the southernmost lowland
permafrost landforms in the Northern Hemisphere. Peatland permafrost along the Labrador Sea
coastline in northeastern Canada has remained largely understudied and uncharacterised,
despite the importance of these landforms for wildlife, carbon stores, and Indigenous land
users. In this study, we derived geomorphological and resiliency indices for peatland
permafrost landforms at 20 wetland complexes, spanning a latitudinal gradient fromn Blanc
Sablon, QC (51.4°N) to Nain, NL (56.5°N). Orthomosaics and tdieensional point clouds
were created for each site using higisolution UAVAbased surveys and structdfrem-motion
photogrammetry Analyses revealed that peatland permafrost landforms along the Labrador
Sea coastline are characterised by short heights (maximum height: 3.65 m, average height: 0.49
m), with lichen and dwarf shrub cover, making them more similar to features in northern
Europe than western Canada. Palsas and peat plateaus ranged in size ffam149283 m,
with a median feature size of 259 atross all sites. Peatland permafrost in the region exhibits
high levels of fragmentation, witmoststudy sites (90%#gxhibiting low or very low thaw
resiliency. Results from this study indicate that peatland permafrost in many parts of Labrador
are vulnerable tdegradational processegh potential negative consequences for species with
high cultural value to Labrador Inuit and Innu.

Keywords: permafrostpeatland, Labrador, UAV, resiliency
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Introduction

Permafrost is rapidly thawing across the circumpolar Nbdabause otlimate and
ecosystem change (Grant et al., 2019; Mamet et al., 2017; Smith et al., 2022). Thawing
permafrost and melting ground ice often lead to shifts in hydrology, vegetation, wildlife habitat,
nutrient cycling, and greenhouse gas exchanges (Baltzer et al., 2014; Carpino et al., 2021,
Disher et al., 2021). Permafrost thaw can also exacerbate climatic warming by releasing
methane stored in previously frozen organic mateBah(ur et al., 2015Tarnocai et al.,

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

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

Lewkowicz, 2020; James et al., 2013; Payette et al., 2004). These shifts can impact Indigenous
land users who continue to harvest plant and wildlife species throughout northern Canada
(Anderson et al., 2018; Dyke & Sladen, 2010; Norton et al; 2021; Ward et al., 2021).

At its southern limit, lowland permafrost is typically found in wetlands, where the
insulating properties of dry peat prevents the ground from thawing in warm summer months
(Smith & Riseborough, 2002). Permafrost in these environments is found within raised
landforms known as palsas and peat plateaus. These features initially form wherivwend
snow redistribution promotes localised areas of deeper freezing, facilitating areas that remain
frozen in summer (Seppéala, 201WYater accumulates at the permafrost's basal freezing front
during warmer months throughe process of cryosuction (Hohmann, 1997). In winter, this
water freezes to form layers of ice (i.e., ice lenses) that force the ground surface upwards
through the process of frost heave (Peppin & Style, 2013). This iterative process ultimately
creates raised mounds (palsas and/or peat plateaus) within a peatland.

While it is generally understood that palsas and peat plateaus follow similar patterns of
initial development, the two landforms differ in their morphology. Palsas typically form-dome

shaped mounds that can vary in height from just a few centimetres up to 10 metres and exist as
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87 individual Aii slandso in the peatland (Sepp?
88 contiguous and spatially extensive but are also shorter, rarely exceeding 2 metres in height
89 (Dyke & Sladen, 2010).
90 A great deal of variation in peatland permafrost features exists globally, with
91 characteristics such as shape, active layer depth, and overlying vegetation all varying from
92 region to region. For example, peat plateaus in western Canada tend to be forested
93 (predominantly black spruc#icea mariand), whereas in Scandinavia, they are covered by
94  lower vegetation, such as lichen, graminoids, and dwarf shrubs (Carpino et al., 2021; Johansson
95 et al.,, 2013). Such differences in vegetation cover can alter local snow redistribution and
96 summer shading effects, thereby impacting the ground thermal regime (Jean & Payette, 20144,
97  2014b).
98 Climatechangehas led taapid peatland permafrostegradatiorover the past century
99 (Borge et al., 2017; Mamet et al., 2017; Wang et al., in pregtt) accelerated thaw expected
100 in the coming decade@ewster et al., 2032 Landform morphologyhas been previously
101 identified as an important consideration for local surface energy balance and for understanding
102 rates of landform thaw including fragmentatidhamet et al., 2017; Wang et al., in press
103 In Labrador, northeastern Canada, peatland permafrost has been largely understudied
104 until recent years (Brown et al., 1975; Way et al., 2018). Large swaths of land spanning 7°
105 latitude along the Labrador Sea coastline were recently shown to cbataireds opeatland
106 permafrost complexes, including some of the southernmost features in the Northern
107 Hemisphere (Wang et al., 2023). While prior research has focused on feature identification
108 there is still a need for localised site characterization, especially in the more southern peatlands
109 which are presumed to be at a greater risk of degradation (Hugelius et al., 2020). Understanding
110 the local context of these features is essential in predicting thermokarst potential and habitat

111  change susceptibility.
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In this study, we investigate and characterise the contemporary state of 20 peatland
permafrost complexes from the southern end to the northern end of the discontinuous
permafrost zone in Labrador, as defined by the Permafrost Map of Canada (Heginbottom et al.,
1995).We usethe contemporary state of southern sites as a substitutgdoz conditions at
northern sitefollowing future climate warming, analogous tcspacefor-time substitution
(Blois et al., 2013)We additionallyevaluate the thermokarst potential and thaw resiliency of
peatland permafrost throughout coastal Labrador. This study provides much needed context for
an understudied region of Canada, allowing local land managers andhadghess to better
understand and prepare for projected changes in -parking habitat, caribou foraging

grounds, and carbon stores.

Study Area

Coastal Labrador (51.4°N to 60.3°N) includes over 8,000 km of coastline under the
strong synoptic influences of the cold Labrador Current and the position of the Polar Front
(Barrette et al., 2020Mean annual air temperatures range fr@2fC near the northern tip to
+1.5°C in southern areas near the Strait of Belle Isle (Karger et al., 2017; Karger et al., 2018;
Wang et al., 2023Way et al., 201y Geologically, Labrador contasmmostly igneous and
metamorphic bedrock covered by extensive glacial till (Bell et al., 2011; Roberts et al., 2006;
Wang et al., 2023). Mediunand finegrained marine and glaciomarine sediments are common
in lowland coastal areasyeating suitable condition®r peatland permafrost development
(Hagedorn, 202206 Ne i | | et al ., 2 Gohddajecotwenage pentarilya | .
characterized byoastal barrensvith dense patches of forest found in select sheltered locations
(Roberts et al., 2006; Wang et al., 2023). Wetlands are widespread along the coast, with most
wetlands along the southern coastline classified as raised bogs (Foster & Glaser, 1986; Wang

et al., 2023).
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Materials and Methods
Site selection

A total of 20 peatland permafrosbmplexes in coastal Labrador were examined using
uncrewed aerial vehildUAV s) and local field surveys (Table 1; FiguteFigures SiS20).
Potential sites were identified usi@gb m resolution Maxar (Vivid) opticaatellite imagery
(available as basemap imagery in ArcGIS Onlif@al knowledge from community members,
and a recent inventory of peatland permafrost complexes in coastal Labrador (Wang et al.,
2023). Site selection prioritised accessibiltgntemporaryusage by residents, availability of
pre-existing data and monitoring infrastructure, and site representativeness of regional
conditions. The peatland complexes examined in this study cover a range of latitudes, mean
annual air temperatures, coastal proximities, degradation states, and disturbance levels (Table
1; Figures 12) (Way et al., 2017). It should be noted that there is a risk of survivorshiptbias
southern sites since featumnesar BlaneSablon and Red Bay are amongst the last remaining
complexes in the area, whereas the central and more northern complexes were sampled across

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

Data collection

Recent advances in uncrewed aerial vehicles (UAV) and photogrammetry techniques
like structurefrom-motion (de la BarredBautista et al., 2022; Fraser et al., 2020; Westoby et
al., 2012) have allowed researchersreatecentimetespreci®e threedimensional models of
landforms(Van der sluijset al., 2018). At each of the 20 study sites, UAV surveys with 80%
image overlap were collected at heights of 60 or 90 m above the ground sarbadance
survey exterdg with ground sampling distancd3able 1) Surveysfollowed the Transport
Canada guidelines for basic damdadvanced flight operationvghere applicablg=lightsuseda

DJI Mavic 2 Pro or Autel EVO Il Pro quadcoptéown along double grid flight plans created
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162 using the PIX4Dcapture or Autel Explorer flight planning appspectivelyA minimum of

163  four ground control points (GCPs) were collectedath site to optimize both accuracy and

164 time efficiency(seeAssmann et al., 2019); GCP points were collectgidg an EOS Arrow

165 Gold GNSS or a Bad Eld Flex GNSS with satelbesed Atlas reaime kinematic corrections

166 (4.8 cm to 10 cm vertical root mean square error) (TablErbstprobing and instantaneous

167 ground temperature measurememise used to validate permafrost presemcabsence in the

168 field at547locations andlandform heights were measuradL05 pointsusing an Abney level

169  or clinometer

170

171  Image processing and classification

172 UAV imagerywas processed in PIX4Dmapper 4.7.3 and 4.8.1 at full scaleuirtks

173  requiring aminimum of three image matches between photos (de |la BaBaulssta et al.,

174  2022; Fraser et al., 2020; Westoby et al., 2012). Orthomosaics and point clouds were generated
175 for each site at a resolution equal to the ground sampling dist@&®ie) and then imported

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

177  (Figures S21S40) Ground pointsin point cloudswer e c¢cl assi fied wusing
178 automated classification tool, set to a standard classification scfieguee 3) The t ool 6
179 performance was visually assessed in vegetated areatertvely updatedio apply more

180 conservative classification schesnehenperformancewas unsatisfactoryin areas of thick

181  vegetation

182

183 DTM and DSM generation

184 A digital terrain model (DTM) and digital surface model (DSM) were created for each
185 sitefrom the point clouddataexported from PIX4DmappeGround classified points (Figure

186 3) wereconverted to a multipoint layemd therinterpolatedwith inverse distance weighting
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to create a continuous DTM raster with 5 cm resolufidre DSM was generated by sampling
for the maximum point cloud return within a 5 cm windswwilar to Fraser et aR020. Final
DTM and DSM resolutiomwerechosen to be approximately two times the ground sampling

distance of each survey.

Permafrost landform delineation

Palsasind peat plateaus were manually delineated in ArcGl8dstnge ach si t ed s
orthomosaic andDTM (Figure 4A-4C; Figures S21S40. Pemafrost mounds were
distinguishedn the orthomosaiby theirwhite-grey lichencover(e.g.,Cladonia arbuscula,
Cladonia rangiferina, Ochrolechia frigigaor visibly exposed peat (Figure 4C; Figure S20
S41) which contrasted with thgreen, yellow and pink vegetation (eSphagnunspp, Carex
spp) of nearbywet depression®alsas and peat plateausre also identified by their elevation,
appearing raised and relatively even in the DTMs compar#ukeir surrounding@Figure 4A
4B). Only the largest and most obvious permafrost features could be delinkmtdd the
degraded state of many of the featunemking these tracings a conservative estimate of
permafrost exteniThe presence or absence of frozen ground was also determined in the field
using frost probing and/or instantaneous ground temperature proffleg & Lewkowicz,
2015 at a total ob47locations and these datgere used tanform feature delineation (Figure
5; Figures S24640). The geolocated validation points, feature areas and perimeters were all

evaluated and summarized in ArcGIS Pro.

Peatland permafrodandform/patch indices
Each polygon feature traced at a site was considered a smgiguouspermafrost
| andform, or Apatcho. A series of indices

shape, size and distribution of patches within a given wetland. Mean patch fractal dimension
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(MPFD) provides an average measure of shape complexity at each study site, with larger values
indicating more complex shapédore complex shapes have larger surface arglaish can
increase the lateral heat transfer from adjacent unfrozen tebewoig et al., 2021; Mamet et

al., 2017. MPFD is calculated as:

[1] 0 L 00
where ps thepatch perimeter is thepatch area, is thetotal number of patches, aneach
individual patch (McGarigal & Marks, 1995). MPFD was calculated using FRAGSTATS
software (McGarigal & Marks, 1995).

Fragmentation of permafrost features was also assessed uspagdragmentation

index (PFI), calculated as:

1.
-t —
5 2

2] 000zt 1 —
where Ap is total patch area, Ai (area of influence) is the total area that the landform could
have covered if it had not undergone fragmentation or degradation, and MPFD is the mean
patch fractal dimension (McGarigal & Marks, 1995; Rivas et al., 2022). The total area of the
bog captured within the survey was used to approximagEigires S24S40) and parts of the
bog not captured in the survey were excluded, since permafrost abundance in these areas is

unknown.Higher values of PFI represent increase@nues fofateral heat transfethereby

creatinggreaterthawsusceptibility

Peatland permafrost landform characteristics

Determining the height of palsasd peat plateaus relative to the surrounding bog
presented a unique challendee to natural undulations and sloping terr&omparingthe
altitude of a palsa to the mean altitude of tidrozen bog led to substantial under over

estimations compared to fielterived heightmeasurements. To address this issue, surface
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elevations were measured at randomly generated points within the mapped permafrost area
(n=1000)andin nearby unfrozen terrain within 5 m of feature outlines (n=1000) (Fig)e
No points were generated within a 0.5 m buffer on either side of feature outlamtmt for
mapping uncertainties. Heights were calculated as the difference in elevation between each
random point on the permafrost feature and the nearest point in the unfrozen tethemare
case where @olygon did not contain a randomly generated point, heights were manually
calculated using the DTM.hese sample points (n=1000) were also useeitract vegetation
heights overlying permafrost features by differencing the DSM and the DTM at each point
location.

Finally, landforms withgreater excess ice or a highes content require more energy
to thaw due to latent heat effe€¢Hayashi et al., 2007). Bovegroundlandform volume was
used to estimate the amount of excess ice within permafrost features (Lewkowicz et al., 2011).
The volume for each individual polygon feature was estimated assuming elhipsaidal
shape, calculated as

[3] w 213t tid, or

w0 2IBtOOI EIaREO o Qa QI
Total volume was divided by the site area, providing a standardised estimate of

average volumetric excess ice content (VEIC) per m2.

Relativeresiliency index

A novel resiliencyindex was developed to quantitatively assess relative thaw
vulnerability across the 20 study sites. This index incorporated three nibaicsuld affect
thesurfaceenergy balancepercent area of bog underlain by permafrost, PFI, and VEtEs
with higherpermafrost areas and ice conteats assumed to require more overall energy to

thaw, resulting inhigher resiliency. By contrastragmentation increases the surface area
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directly exposed to lateral energy exchangesreasing landform resiliendyFl values were
thereforenverted prior to calculations.@€h metric vasnormalised to range between 0 and 1
thenall three indices were averaged for each gitemetrics were equally weighted in the
resiliency indexbecause the relative controls on peatland permafrost resiliency have not yet

been properly assessidthe region

Latitudinal trends
Regional means of ix different variables(PFI, MPFD, resiliency, percent area,
maximum feature height, and VEIC) wealsocompared tdatitude to examineoarsespatial

trendsin the resultgFigure 9)

Results
Permafrost patch characteristics

Total permafrost area mapped per site ranged from+4®2n? at CW5 to 68,957+
1,251 nt at NA2, with a median value of 8,285*1fTable 2). Percent permafrost coverage,
calculated as the total permafrost area divided by theddrdee bog captured in the survey
multiplied by 100, ranged from 0.390.01%at CWS5 to 58.73 0.90%at CW1, with a median
value of 10.2% (Table 2). The sites with the largest permafrost extents were found near Nain,
Rigolet and Cartwright, however sites with small extents are found in all redipag. from
CW1 and NA2, all sites had less than 30% permafrost coverage.

The total number gbermafrost patches per site ranged from 2 at CW1 to 88 at RB4,
with a median number of patches of 17 (Table 2). Average patch area ranged fromt42 m
CW4 to 14,233 rhat CW1 (Table 2). Notably, the Sandwich Bay region adjacent to the
community of Cartwright included both the site with the smallest average patches and the site

with the largest average patches. Median patch size across all sites was 259 m
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Maximum vegetation height ranged frdr02 + 0.01m at CW2 to 158+ 0.11m at

RG3, with a median value of 13 cm across all sites (Table 2). Tall or shrubby vegetation (i.e.,
vegetation height > 50 cm) was found at two sites near Cartwright, two sites near Rigolet, and
one site near Nain, but was not found at any sites near Black Tickle; 8#dohon, or Red Bay
(Table 2). Notably, maximum vegetation height was below the detectable &miaT2(0.04
+0.12m), RB1(0.07£ 0.09m) and RB2(0.08+ 0.14m) (Table 2).Average vegetation height

was less than 3 cm at each sitieth a studywide mean vegetation height approximately 1

cm.

Shape and fragmentation indices

MPFD provides information on twdimensional landform shape complexity, with
values closer to ihdicating simple geometries such as squares or circleseatvalues closer
to 2 indicae complex shapes with complicated perimeters (McGarigal & Marks, 1995). MPFD
values at the sites ranged from 1.03 at RB4 to 1.30 at CW4, with a median MPFD value across
all sites of 1.22 (Table 3). These low values indicate that peatland permafrost landforms in
Labrador have relatively simple shapes and perimeters.

PFI, an index of landform fragmentation, was used to assess permafrost patch
fragmentation at each study site. Fifteen out otwentystudy sites had a PFI over 0.8, which
is considered a very high level of fragmentation (Rivas et al., 2022). Four sites had PFls
between 0.6 and 0.79, considered to be highly fragmented, and one site (CW1) had a PFI index

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

Feature heights and volumetric excess ice contents
Site-level mean feature heights were calculated using the maximum height from each

permafrost patch. Mean feature heights ranged from 0.15 m at RB1 to 1.8 m at NA1, with a
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median value of 0.5 m across all sites (Table 2). Similarly, maximum feature heights ranged
from 0.21+ 0.09m at RB1 to 3. 0.12m at NA1,with significant within and across site
variability (Figure 6;Table 2).

Theestimated median volumetric excess ice content (VEIC) across all sites was 0.034
m? of excess ice per mVEICs ranged from 0.001#m? (RB1) to 0.263 rffm? (CW1), with
the highest regional variability found near Rigolet and Cartwright (Figufdotably, all sites

near Red Bay and Blafgablon reported VEICs below tetudy widemedian VEIC.

Vulnerability assessment

Eleven out of the twenty sites were classified as having very low thaw resilieacy (0O
0.2) while seven had low thaw resiliency (0.2.4) (Figure8, Table 3. Only two sites were
considered to have high (0.6.8) or very high (0.81) resiliencywith one site near Cartwright

(CW1) and another near Nain (NA2) (Fig@geTable 3.

Spatial trends

Statistically sgnificant (p<0.05) positive latitudinal relationships were observed for
resiliency, maximum feature height, and VEgure 9) MPFD alsoshoweda statistically
significantnorrlinear @" order polynomigl associatiorwith latitude, wherein MPFD values

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

Discussion
Characterisation of peatland permafrost in Labrador

Investigated peatland permafrost complexes in coastal Labrador varied in size,
characteristics, morphology, and fragmentativerage landfornsize ranged from 42 #at

a southern site to 14,23Fmt a central outecoast sitgTable 2) Sites near the southern end



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

14

of the study area often contained only a few isolated patches of permahibsiothers farther

north near Black Tickle, Cartwright, and Rigolet included more intact peat plateangsorm

sizes reported in this analysis fall within the ranges reported by ethdies (Allard &
Rousseau, 2002; Dyke & Sladen, 2010; Emmert & Kniesel, 2021; Fillion et al., 2014,
Pironkova, 2017, Verdonen et al., 2022). For example, Pironkova (2017) reported features
ranging from 10 rto 117,894 rAin northern Ontario, with 75% of all mapped features ranging
between 50 mand 3,000 rh(Pironkova, 2017). Landforms in Québec, northwestern Canada,
Iceland, and Scandinavia were reported to range in size from 804000 m, with landform

areas appearing comparable betweerfait regions (Allard & Rousseau, 2002; Dyke &
Sladen, 2010; Emmert & Kniesel, 2021, Fillion et al., 2014; Pironkova, 2017, Verdonen et al.,
2022). The smallest observed permafrost patches from this study often skewed smaller than
those described in other regions; however, thitikely due to our use of UAVs which
generated higher resolution imagery than many of the satefi#gery based studies.

Generally Jandformheights in coastal Labrador are more comparable to observations
from northern Ontario and Scandinavia thi@atures described inorthern Québec, the
Northwest Territories, and Yukon Territory (Allard & Rousseau, 2002; Dyke & Sladen, 2010;
Emmert & Kniesel, 2021, Fillion et al., 2014; Pironkova, 2017, Verdonen et al., 2022). Most
palsas and peat plateaus in this study were less than 1 metre tall, with the tallest features within
a given complex rarely exceeding 2 mei{fEsble 2; Figure 6)Landforms near iawapiskat
Ontario (52.9°N)aredescribed as 1 m tall or less (Pironkova, 2017), whichnislar to the
maximum feature heighfsundnear BlaneSablon 51.5°N) and Red Bay (51°8l) presented
in our analysis(Table 2; Figure 6)However, permafrost landforms between 55.1°N and
57.6°Nin northern Québewere reported to range from 2 m to 6 m (Allard & Rousseau, 2002;
Fillion et al., 2014), whreas maximum feature heights near Na®.6°N) only reache8.65

+0.12m (Table 2)
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Like previous studies, we observadcorrelation betweemaximum landformheight
and latitude (Figure 9 with northern sites containing taller features than most southern sites
(Allard & Rousseau, 2002; Pironko2017). However, considerable variability in feature
heights within and across sites suggests that other factors, such as surficial deposits, human
and wildlife disturbance, and local microclimate (e.g., coastal proximity), also play an
important role in promoting taller landfornfBigure 6) Sites on outer islands and/or directly
on the coast (e.gCW1, RB4) werdypically largerand less fragmentetan inland sites (e.g.

CW4, RB1)in the same areandicating that coastal microclimate could be a key factor for
landform resilience in LabraddiTable 2; Table 3)Sites with evidence of heavy human
disturbance such as skidoo trails (eQ)V4), also exhibited higher levels of fragmentation than
otherlessdisturbed complexes the same regiofTrable 3)

Most peatland permafrost complexes were dominated by lichen cover (e.g.,
Ochrolechia frigida, Cladonia rangiferia dwarf shrubs Betula glandulosa, Empetrum
nigrum, Vaccinium uliginosumand short herbaceous vegetatiBaljus chamaemor)svith
average vegetation heights below 3 cm at all sites. While five sites contained vedaliation
than 50 cm (Table 2)only one of these sites (NA1) exhibited tall vegetation cover in more
than a single isolated patch. This is in stark contrast to other parts of Canada, where peatland
permafrost is densely foresteBi¢ea mariana (Baltzer et al., 2014; Carpino et al., 2021;
Pironkova et al., 2017While palsasn Québec reported similarly short vegetation near their
tallest pointsthey also tend tgupport tall trees along edges (Allard & Rousseau, 2002). As
such, we consider the complexes described in coastal Labrador to be more similar to those
described in Iceland and Scandinavia, which are characterised by lichen, moss, and dwarf shrub

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

Resilience of peatland permafrost complexes and ecosystems
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The spacefor-time substitution transegiresented in this studyrovides important
insights into the future evolution of peatland permafrost in coastal Labrador. In particular, the
complexes foundhear BlaneSablon and Red Bagre inferred tdhave low ice contentdow
heights andlow resiliencycompared to central and northern sigure 9. The results are
interpreted to be a result of ongoidlgnatic warming and subsequent permaftbstvin the
region (Barrette et al., 2020WWang et al., in pressiand likely represent th&ajectory of
landforms in coming decades

The estimated volumetric ice contents reported in this study provide an indication of
thaw resiliencybecause of the greater energy required to thaw excess groumbveever,
higherVEIC estimateslso indicate greatehermokarspotential While VEIC was shown to
increase with latitudéFigure 9) sites with very low VEIGralues were found across a range
of latitudes (Figure 7)Sites with the lowest VEIC values were eithather inland €.g, RB1)
or contained evidence of human disturbarecg,(RG2), highlighting the importance dbcal
scalefactorsin maintaining landforms.

Four of the sites in this study have been previously visited by other researchers, who
documented heights and general characteristics of the landforms at the time. Palsas and peat
plateaus at CW5 were reported to be 1.5 m tall when visited in 1968 (Brown, 1975) and 1.0 m
tall in 2014 (Way et al., 2018). The tallest reported height from our 2021 field visit was 0.7 m,
indicating an accelerated rate of thaw in recent y@able 2) Similarly, between 2014 and
2021, reported maximum heights decreased from 1.0 mto 0.8 mat RB2, 1.4 mto 1.1 m at BS1,
and 1.3 mto 0.6 m at CWZable 2)(Way et al., 2018). Visual evidence of feature degradation,
including thermokarst ponding, exposed peat, padtcracking, were present at every site
within this study, indicating ongoing tharelated ecosystem and landscape modification.

These results align with recent analyses by Wang einaprés$, who reported substantial
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thaw ofpeatland permafrost landforrassevenocationsin coastal Labradainceas early as
1948

The vast majority (95%) of study sites exhibited high or very high levels of
fragmentation, with no significant latitudinal relationship (Table 3; Figure 9). Howaasf,
order polynomiafit between latitude and MPFEuggested peak MPFD occurred in the central
portion of the study transe@Eigure 9) Mamet et al. (2017hoted this type of pattern may
reflect an increase in landform shape complegiying initial thaw stagedollowed by a
decrease in complexity in later degradational staglkis patterncould also be indicative of
the presence of taliks or expanded vegetation pateleslerating thaw along uneven
boundariesgreatingirregular landform shapg®evoie et al., 2021Jean & Payette, 201)b
Theoretically, continued thaw would lead to accelerated thawlateral marginsand
protrusiongormedduring initial fragmentation stage®sulting ina return to simpler landform
shapesNlamet et al., 201)7

Our indexbased assessment r@fative peatland permafrost resiliency suggests that
most of our study sites are highly vulnerable to ti{&gure 8) All sites south of 53.8°N
(n=13) were considered to have low or very low resiliency relative to other complexes in the
region(Figure 8) Mean annual air temperatures+1.5°Cat southern sites are already near
previously established thresholds for the maintenance of permafrost (Shur & Jorgenson, 2007;
Way et al.,, 2017); therefore, recent climatic warming (Barrette et al., 2020) has likely
negatively impacted these complexes. Sites with peat plateaus generally haddiagjher
resiliency indices than comparably situated palsa §liable 3; Figure 8)Recent workfrom
elsewhere in coastal Labrador has observed slower thaw rates for peat plateaus compared to
palsassuggesting a link between landform morphology and resili@ang et al., in press)

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

high thaw resiliency. These two sites contained more permafrost, taller features, and relatively
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minimal evidence of ongoing fragmentation processes compared to other sites in the region.
However even theséigh resiliencysites contained evidence of thaw such as peat cracking
and thermokarst ponding (Sollid & Sorbel, 1998; Luoto & Seppala, 2003).rdlagve
resiliency index may therefore overestimate resiliency levels, though it would be difficult to

rectify this without finding a model study site for comparison.

Impacts of thaw

The dry, lichendominated vegetation found on unforested peattemnchafrostends to
shift towardswet-sedgs, mosgs and tall shrubfollowing feature degradatio{Bosio et al.,
2012; Christensen et al., 2004). These shdfits expected to havsignificant negative
consequences for cultural keystone wildlife species for Labrador Inuit and Labrador Innu, such
as caribou (Borish et al., 2021; Schmelzer et al., 2020). It is estimated that peatlands cover 40%
of the habitat used by the threatened Mealy Mountain cariboy Wweldelevated lichemich
permafrost mounds potentially comprising important winter forage fohéne(Errington et
al., 2022 Kumpala 2004Schmelzer et al., 20205ix of our studysites overlap with the Mealy
Mountain herds range, withodir of these sites demonstraf very low resiliencyand one
exhibiing low resiliency (Figure 8). Peatland permafrost degradatimtereases local snow
depths, increases summer wetness, and alters plant community compagitagimcould in
turn decrease winter forage quality in the reg{&mderson et al., 2018; Istomin & Habeck,
2016; Johnson, 2022; Markkula et al., 20¥®wever,some studies suggest thlaw could
result in increased total forage biomass, so the net effect of these projected changes for local
herds remains uncertain (Istomin & Habeck, 2016; Markkula et al., 2019).

Previous research has also shown palsa and peat plateau subsidence often results in a
shift from dry, uplifted features towards flat, wataturated terrain (Disher et al., 2021) with

direct impacts on local plant communitigslen-Pouliot & Bhiry, 2005) Bakeapples (appik,
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shikuteu, cloudberrie®Rubus chamaemoruare a culturally important berry species that are
typically abundant on palsas and peat plateaus (Anderson et al., 2018). While initial landform
thaw may increase nutrient availability for these plants, bakeapples are natieygtiéd to long

term survival in wet environments (Keuper et al., 2017; Markulla et al., 2BE3)lts from

this analysis suggest likely widespread degradation of peatland permafrost in tfigtumear
(Figure 8), which wouldredue the abundancand accessibility of important bersgicking

grounds (Markkula et al., 2019).

Limitations

Using UAVs in this study allowed us to efficiently compare indices across highly
variable sites. However, only a handful of previous studies have used UAVs for similar
purposes (de la Barredgautista, 2022; Verdonen et al., 202)ysit was difficult to assess
our results in comparison to other regions. Additionally, among peatland permafrost studies
that describe geomorphological parameters, theeeinconsistencies in how these data are
reported For example, permafrost area was variably reported as the total area at a site, the total
area for a large region, by average landform size, or by individual landform area/diameters,
depending on the study (Allard & Rousseau, 2002; Borge et al., 2017; Dyke & Sladen, 2010;
Emmert & Kniesel, 2017; Mamet et al., 2017; Pironkova, 2017; Verdonen et al., 2022).
Furthermore, characteristics such as height, volume, and fragmentation are sparse within the
literature. Providing more comprehensive and descriptive geomorphological parameters
peatland permafrost studies would enhance the ability for researchers to compare site
characteristics.

Many of the wetlands in coastal Labrador cover severdiviith unclear boundaries,
making it difficult to collect UAV imagery for the entire bog. Survey areas tried to prioritise

areas with high landform density, however it is important to note that the reported values should
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only be discussed in relation to the survey area, not to the overall wetland. As UAV technology
improves and battery life extends, larger surveys could be paired with high resolution satellite
imagery to help improve these statistics. Site access was also a major challenge, so some
regions with high densities of peatland permafrost were not surveyed. Further work in the
regions between Rigolet and Nain would improve our understanding of the characteristics and
potential resiliency of features along this section ofLthierador Seaoastline.

Finally, it is important to consider the potential for survivorship bias when assessing
the contemporary characteristics of peatland permafrost complexes in southern Labrador. This
study examined sites where permafrost currently persists, and thus did not examine fully
thawed sites that previously contained permafrost. The limited number of peatland permafrost
complexes still present in southern Labrador may be representative of the most resilient
landforms of a formerly larger population of peatland permafrost complexes. Therefore, while
these southern sites can be used to extrapolate out the future state of some northern features, it

is important taaemembethat other peatland permafrost complexes may degrade altogether.

Conclusion

High-resolution UAV surveys of peatland permafrost spanning from 51.4° N to 56.5°N
along the Labrador Sea coastline provide insight into the characteristics and vulnerability of
peatland permafrost complexes in the region. Permafrost landform height, extent, and
vegetation cover at surveyed sites in Labrador were more similar to features described in
northern Europe than the larger, more heavily vegetated features found in western Canada. A
novel relative resiliency index derived in this study indicates that most peatland permafrost
complexes in the region have a low thaw resiliency, making them vulnerable to degradation in
the near future. This is the first largeale descriptive study of peatland permafrost within

Labrador andprovides the baseline geomorphological information necessary for future
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modelling, change assessmeartd land management projects in this understudied region of

Canada.
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535 Tables
536 Table 1. Summary of UAV survey information for peatland permafrost study sites.
Mean

Site  Lat, Date of UAV Flight S;:Jedg i?n[/) Number GCP Site

name Long survey model altitude size (M) pixel) of GCPs VEle\gs type
56.49, DJI Mavic

NAL 240 20220826 D) MR 90 99,256 2.14 6 0063  Palsa

NA2 2646 54000805 DIIMavic o5 558 047 214 7 0052  Palsa
6151 2 Pro
54.28, DJI Mavic .

RGL S 202k0812 D) P 90 241,111 2.14 7 0058  Mixed
54.16, DJI Mavic

RG2 Shb> 20210809 D) M 90 249,925 2.14 8 0049  Palsa

RG3 41l ogo20g11 AUEIEVO o0 141 637 2.04 7 0054  Mixed
57.88 Il Pro
54.01, DJI Mavic .

RG4 ho 20220800 Do) P 60 71,878  1.43 6 0.066  Mixed

cwi 2385 ogoa0g1g4 AUEIEVO g 13 577 204 6 0.065 Plateau
-56.96 Il Pro

cw2 2375 5001031 DIMavic o9 905 621 214 6 0062 Plateau
56.74 2 Pro

cw3 2372 50010903 DIMavic o9 953951 214 8 0051  Mixed
57.10 2 Pro

cwa 2371 50010902 DIMavic o9 925 902 214 8 0057  Palsa
57.01 2 Pro

cws 2369 54510830 DIMavic o9 945504 214 8 0060  Palsa
57.02 2 Pro

BT1 2346 50020g1g DI Mavic o 46 030 1.43 4 0.065 Plateau
-55.81 2 Pro

T2 2346, 505108029 DPIMavic o 6o 797 143 7 0076 Plateau
-55.82 2 Pro

BT3 2342 50p00g17 AUlEVO o g9 g33 136 4 0054  Mixed
-55.85 Il Pro

BTa 2341 50000g97 PIMavic o4 115 366 2.14 4 0052  Mixed
-55.83 2 Pro
51.81, DJI Mavic

RB1 SO0 20220801 D)W 60 54,313  1.43 5 0070  Palsa
51.76, DJI Mavic

RB2 7% 20210724 DM 60 63170  1.43 6 0080 Palsa
51.75, DJI Mavic

RB3 7> 20210726 D)W 60 63330 1.43 6 0088 Palsa
51.74, DJI Mavic

RB4 7% 20210726 D)W 60 83050  1.43 6 0056  Palsa
51.46, DJI Mavic

BS1 %% 20210802 O VA 60 68 100 1.43 6 0070  Palsa

537
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Table 2. Summary statistics on permafiarsta, extent, patch number, patch size, feature height

andvegetatiorheightfor all 20 sites surveyed in this study.

23

Percent T Average Average Maximum Maximum
otal Number :

Site area permafrost of pa_ltch fea_ture fea_ture vegetation

coverage oot (M)  patches size height height height

(%0) (m?) (m) (m) (m)

NA1l 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+x0.90 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 40248 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 47810 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
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541 Table 3.Mean patch fractal dimension (MPFD), patch fragmentation index éPigielative

542  resiliency inéx (RRI)for each study site.

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
Cwi 1.25 0.46 1.00
Ccw2 1.22 0.72 0.39
Cw3 1.22 0.86 0.11
Ccw4 1.30 0.92 0.01
CwW5 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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557  Figure 1.Left Distribution of study sites across coastal Labrador, with inset map showing
558 location of study region within CanadRight Large scale maps of study sites near the
559 communities of (A) Nain, (B) Rigolet, (C) Cartwright, (D) Black Tickle, (E) Red Bay and (F)
560 BlancSablon. Satellite imagery is sourced from Maxar (Vivid) optical satellite imagery,
561 acquired via thé&sri ArcGIS Online World Imagery basemap.
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Figure2. Aerial imagery of (A) NA1, (B) RG1, (C) CW1, and (D) RB1 acquired with a DJI
Mini 2 Pro or DJI Mini 3 Pro. The peatland permafrost complexes pictured here demonstrate a

variety of sizes, shapes, and degradation states observed in the region.
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Figure 3 Oblirque view of NAL point cloud shoing (A allpoints in RGB; (B)
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medium vegetation, dark green = short vegetation); (C) ground classified points shown in RGB;

and (D) ground classified posshown by land cover classification.
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feature tracings overlain on DTM (C) feature tracings overlain on orthomosaic, and (D) feature
tracing and corresponding buffer zone of @5 displaying the location of the randomly

generated points on the palsa (green dots) and off the palsa (blue dots).
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. No permafrost (frost probe)

. No permafrost (temperature profile)

@ Permafrost (frost probe)
5 Permafrost (temperature profile)
[ ] Peatland permafrost

Figure 5: Interpreted peatland permafrost landform extents (green polygons) overlain on a
UAV -derived orthomosaic of RB2. Points show probing locations classified according to
whether frozen soil was detected (green points = frozen, red points = unfrozen). All probe point

locations were collected with a GARMIN GPSMAP 66SR handheld unit (+ 1.8 m).
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UAV-derived permafrost mound height (m)
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Figure6. Heightsof permafrost mounds from the 1000 randomly distributed matchedgbairs
peatland permafrost and bog points. Boxes range from 25th percentile to 75th percentile, with
the thick black line representing the sample medwhiskers extend tthe minimum and
maximum values within 1.5 times the interquartile rangelues outside this range are

represented gsoints.
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634  Figure 8.Thaw resiliency of study sites overlain on a peatland permafrost complex density map
635 in Labrador (Wang et al., 2023).
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637  Figure9. Scatterplots showing the relationships between latitudéAn@FI, (B) MPFD, (C)
638 resiliency, (D) percent area, (B)aximum height, and (F) VEIQRoints represent the mean
639 value across all study sites near a given comm(iBi8/= BlaneSablon, RB = Red Bay, BT =
640  Black Tickle, CW = Cartwright, RG = Rigolet, NA = Naiignificant (p<0.05) linear and'®
641  order polynonmal relationships are shown by trendlines, with correspondfgaRies shown

642 on plot.
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S1- Site Photos

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

Figure S1. Site photo of NA1 taken in 2022.
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Figure S2. Site photo of NA2 taken in 2022.

Figure S3. Site photo of RG1 taken in 2021.
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Figure S4. Site photo of RG2 taken in 2021.

Figure S5. Site photo of RG3 taken in 2022.
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Figure S7. Site photo of CWéken in 2021.
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Figure S8. Site photo of CW2 taken in 2021.

Figure S9. Site photo of CW3 taken in 2021.
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Figure S10. Site photo of CW4 taken in 2022.

Figure S11. Site photo of CWS5 taken in 2021
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Figure S12. Site photo of BT1 taken2@22.

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

Figure S15. Site photo of BT4 taken in 2022.
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993  Figure S17. Site photo of RB2 taken in 2021
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Site photo of RB4 taken in 2021.
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S2- Orthomosaics and peatland permafrost tracings

Orthomosaics for all twenty sites visited in this study. Traced polygons show the
boundaries of permafrost mounds and are superimposed on site Orthomosaics. The thick black
lines show the boundary of the bog within each survey, excluding some areas near survey edges
where data was sparse. Differently coloured polygons are solely used to simplify visualization,
and do not reflect differences in data or processing. Superimposed points show confirmed

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

0 0.05 0.1 0.2km

Figure S21. Orthomosaic of NA1 with overlain peatland permafrost tracings.
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Figure S22. Orthomosaic of NA2 with overlain peatland permafrost tracings.

Figure S23. Orthomosaaf RG1 with overlain peatland permafrost tracings.
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