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Abstract 35 

Since the retreat of the Laurentide Ice Sheet, peatland development in the Hudson Bay 36 

Lowlands (HBL) has been mainly influenced by postglacial isostatic rebound and climate. We 37 

studied the timing of permafrost aggradation and the successional trajectories of low Arctic 38 

and subarctic polygonal peatlands and a northern boreal treed peat plateau in Wapusk 39 

National Park (WNP) in northwestern HBL. We also explored the timing of peatland initiation 40 

and long-term carbon accumulation between peatland types. Peatland initiation in WNP 41 

dates to at least 6000 cal BP, and peat thickness and carbon mass were higher in treed peat 42 

plateaus (mean: 71.7±21.4 (SE) kg C m-2) and intermediate-centred polygonal peatlands 43 

(63.2±7.14 (SE) kg C m-2) than in non-permafrost fens (20.4 ±1.75 (SE) kg C m-2). In the 44 

subarctic and northern boreal forest zones, permafrost peatlands were preceded by treed 45 

Sphagnum bogs with Picea mariana and P. glauca. Abrupt declines in peat and carbon 46 

accumulation in subarctic sites ~1500–1050 cal BP reflected cooling from the Dark Ages Cold 47 

Period to the Little Ice Age (LIA). Low peat accumulation, spruce disappearance ~1330–780 48 

cal BP, and the shift toward vegetation dominated by Dicranum spp. mosses and Cladonia 49 

lichens suggest that permafrost aggradation occurred across the study region during the LIA.  50 

These results further suggest that in the subarctic tundra, polygons formed in Sphagnum-51 

dominated peat plateaus, rather than evolving from low-centered polygons. The low Arctic 52 

polygon was characterized by wet fen vegetation until permafrost developed ~190 cal BP, but 53 

the exact successional pathway remains uncertain.  54 

 55 

Keywords: age-depth modelling, carbon accumulation, Dark Ages Cold Period, Little Ice 56 

Age, permafrost aggradation, plant macrofossils, polygon formation 57 

 58 

Highlights 59 

• Permafrost developed during the Little Ice Age 60 

• Carbon stocks higher in permafrost peat plateaus than in non-permafrost fens 61 

• Development history differed between low Arctic and subarctic peatlands 62 

• In subarctic tundra, treed Sphagnum bogs preceded permafrost peatlands 63 

• Wet fen preceded the low Arctic polygonal peatland 64 

65 
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1. Introduction 66 

Northern peatlands store 415 ± 150 Pg of carbon (C), of which approximately half is found in 67 

permafrost regions (Hugelius et al., 2020). Currently, the Arctic is warming almost four times 68 

faster than the rest of the globe (Rantanen et al., 2022), resulting in frozen ground 69 

temperatures and active layer thicknesses increasing across the Arctic (Biskaborn et al., 70 

2019; Langer et al., 2024; Smith et al., 2022), and posing a threat to the C stored in permafrost 71 

(Hugelius et al., 2020; Schuur et al., 2015, 2022; Treat et al., 2021). Many continuous 72 

permafrost regions are characterized by ice-wedge polygon peatlands, where permafrost 73 

thaw can cause variable changes in peatland microtopography, hydrology, and vegetation 74 

(Jorgenson et al., 2006; 2022; Parmentier et al., 2014; Wolter et al., 2016, 2018). These 75 

changes range from the collapse of large ice wedges and the formation of thermokarst ponds 76 

with an increase in aquatic vegetation (Jorgenson et al., 2006, 2022) to lake desiccation 77 

(Bouchard et al., 2013; Webb et al., 2022) and the creation of dry elevated polygon centres 78 

with increasing cover of lichens and shrubs (Liljedahl et al., 2016; Wolter et al., 2016, 2018). 79 

To better understand these landscape-level changes and predict future responses to ongoing 80 

warming, it is important to consider how polygonal peatlands typically form, and how that 81 

connects to permafrost aggradation and degradation. It is known that ice-wedge polygons 82 

form through thermal contraction cracking of frozen peat or mineral soil in high-latitude 83 

areas, creating a network of either low-, intermediate-, or high-centred ice-wedge polygons 84 

(Mackay, 2000; Fortier & Allard, 2005). In terms of vegetation, low-centred polygons are 85 

typically dominated by fen vegetation (sedges and mosses of wet habitats), while lichens and 86 

dwarf shrubs are abundant on the dry surfaces of intermediate- and high-centred polygons 87 

(Mackay, 2000; Wolter et al., 2016). Low-centred polygons often form on newly exposed 88 

mineral soil in coastal lowlands or drained lakes and can evolve into intermediate-centred 89 

polygons through peat accumulation in the shallow polygons/pools (Mackay, 2000) or 90 

through ice wedge degradation (Liljedahl et al., 2016). Eventually, intermediate-centred 91 

polygons can develop rapidly into high-centred polygons through further ice-wedge 92 

degradation and deepening of water-filled troughs surrounding the polygons (Abolt et al., 93 

2020; Kanevskiy et al., 2017; Liljedahl et al., 2016; Wolter et al., 2018). However, the exact 94 

pathways can depend on local hydrology, climate, and vegetation (De Klerk et al., 2011; Ellis 95 

et al., 2008; Parmentier et al., 2024; Payette et al., 1986; Wolter et al., 2018). 96 



 

4 
 

Polygon-forming processes are particularly important in northwestern regions of the Hudson 97 

Bay Lowlands (HBL). The entire HBL peatland complex is the second largest in the world, with 98 

an estimated C storage of ~30 Pg (Li et al., 2025). The Holocene development of permafrost 99 

peatlands in the northern HBL has been previously studied by Dredge & Mott (2003) and Kuhry 100 

(2008). These studies mainly focused on treed/forested peat plateaus in the boreal forest 101 

along the Hudson Bay railroad south of Churchill (Manitoba), where peatland initiation 102 

followed paludification of upland forests (Kuhry 2008), and the oldest basal ages of peatlands 103 

date to between 7100 and 6800 cal BP (Dredge & Mott 2008; Kuhry 2008). Using pollen 104 

analysis, Dredge & Mott (2003) concluded that vegetation has been relatively stable over the 105 

past six millennia, characterized by Sphagnum fuscum and Picea mariana. However, little is 106 

known about the development of polygonal peatlands in this region. 107 

Currently, the extensive polygonal peatlands in the northwestern HBL are mostly lichen-108 

dominated and intermediate-centred. It remains unclear whether these dry polygons have 109 

formed rapidly from wet polygons during the past century or decades, in response to ongoing 110 

warming and ice-wedge degradation, as reported from the Low and High Arctic regions (Abolt 111 

et al., 2020; Kanevskiy et al., 2017; Liljedahl et al., 2016; Wolter et al., 2018), or whether their 112 

formation is climate-driven by long-term (centennial- to millennial-scale) dynamics. For 113 

example, some evidence exists that in subarctic regions, ice-wedges and dry polygons could 114 

also form in relatively dry conditions after natural tree removal (Payette et al., 1986), instead 115 

of evolving from wet, low-centred polygons. A comprehensive understanding of the Holocene 116 

history of the polygonal peatlands in the northwestern HBL is crucial, particularly to 117 

accurately estimate the fate of vast C storage under warming and increased microbial activity 118 

(Kirkwood et al., 2021; Schuur et al., 2015, 2022; Treat et al., 2021). 119 

In this study, we explore Holocene peatland development and permafrost dynamics in the 120 

northwestern Hudson Bay Lowlands. Specifically, our research questions were: 1) How did 121 

the successional trajectory differ between vegetation zones (low Arctic tundra, subarctic 122 

tundra, and northern boreal forest), 2) when did permafrost aggradation occur, and 3) did 123 

permafrost conditions remain stable throughout the Holocene? To answer these questions, 124 

we collected peat profiles for paleoecological reconstructions from four dry, intermediate-125 

centred polygonal peatlands and one treed peat plateau. In addition to detailed plant 126 

macrofossil analysis of the five profiles, we estimated the timing of peatland initiation and 127 
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permafrost aggradation, as well as long-term peat and carbon accumulation rates across the 128 

different vegetation zones in the region based on radiocarbon dating and geochemical data. 129 

 130 

2 Materials and Methods 131 

2.1 Study area and sites 132 

This study was conducted in Wapusk National Park (WNP) and the Churchill Wildlife 133 

Management Area, located along the western coast of Hudson Bay, near Churchill (58° 46′ 134 

09″ N, 94° 10′ 09″ W) in northern Manitoba, Canada (Figure 1). WNP covers 11 475 km2. The 135 

region was covered by the Laurentide Ice Sheet until ~8.5 ka BP, and the postglacial Tyrrell 136 

Sea transgressed over the area by ~8.1 ka BP (Gauthier et al., 2020; Dalton et al., 2023). Since 137 

then, peatland development has been largely driven by glacial isostatic adjustment and land 138 

emergence from the sea (Dredge & Mott, 2003; Glaser et al., 2004; Packalen et al., 2014), with 139 

a present-day uplift rate of ~10 mm a-1 (Sella et al., 2007). 140 

The study area is located within both continuous and discontinuous permafrost (Obu et al., 141 

2019; Figure 1a). In 1991–2020, mean annual air temperature (MAAT) in Churchill was −6.0 142 

°C, and mean annual precipitation (MAP) was 448 mm (Environment and Climate Change 143 

Canada, open data). The mean daily temperature of the coldest month (January) was −25.3 144 

°C, and that of the warmest month (July) was 13.0 °C. WNP spans over three vegetation zones 145 

from southwest to northeast:  northern boreal woodland, subarctic woodland-tundra, and 146 

low Arctic shrub tundra (Baldwin et al., 2020; Figure 1b). Hereafter, we refer to these zones 147 

as northern boreal forest, subarctic tundra, and low Arctic tundra, respectively. 148 

A total of 21 peat profiles were collected from 20 sites between 2023 and 2025 (Figure 1b; 149 

Supplemental Table S1). Peat coring locations were preliminarily selected based on satellite 150 

imagery, the Wapusk ecotype map report (Pomonorenko et al., 2014), and helicopter aerial 151 

surveys. The aim was to cover all types of permafrost and non-permafrost peatlands 152 

described by Pomonorenko et al. (2014). Moreover, an effort was made to sample near one 153 

pond/lake in each vegetation zone, as included in the ecological integrity monitoring program 154 

for Wapusk National Park (lakes WAP05 in low Arctic tundra, WAP34 in subarctic tundra, and 155 

WAP27 in northern boreal forest). 156 

 157 
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 158 

Figure 1.  Study area and peat coring locations. Location of Wapusk National Park (WNP) in 159 
northwestern Hudson Bay Lowlands (a) and peat coring locations in WNP and Churchill Wildlife 160 
Management Area, across Low Arctic Shrub Tundra, Subarctic Woodland-Tundra, and Northern 161 
Boreal Woodland zones (b). Photos and UAV images are presented for paleoreconstruction sites: low 162 
Arctic polygonal peatland WAP05B (c), subarctic polygonal peatlands IW1 (d), WAP34A (e), OWL 2.1 163 
(f), and a treed peat plateau WAP27-1B (g). At the WAP34 site, peat cores were collected from both 164 
the polygon centre and ice-wedge trough. The map contains information licensed under the Open 165 
Government Licence – Canada. 166 

 167 

2.1.1 Sites for paleoecological reconstructions  168 

Peat profiles for detailed paleoecological reconstructions were collected from four polygon 169 

centres (WAP05B, WAP34A, OWL 2.1, and IW1) and one treed peat plateau (WAP27-1B), 170 

representing the three vegetation zones (Figure 1). At the WAP34 site, a peat core was also 171 

collected from an ice-wedge trough (WAP34B) for radiocarbon (14C) dating (see section 2.4).  172 

Most polygons in this region are intermediate-centred, and they are characterized by the 173 

dominance of Cladonia lichens, particularly C. arbuscula, C. rangiferina, and C. stellaris. 174 

Although some ice-wedge degradation was observed, it is noteworthy that most ice-wedge 175 

troughs were only slightly lower than polygon centres, and that they were not water-filled. 176 

Instead, hummock-level Sphagnum moss species (mainly S. fuscum) were abundant in the 177 
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troughs. Of dwarf shrubs, Empetrum nigrum and Rhododendron tomentosum were common 178 

both on polygon centres and troughs, particularly at the WAP05 site. Treed peat plateaus 179 

were dominated by C. stellaris, Picea glauca, and P. mariana. 180 

The active layer thickness (ALT) was 50 cm at the treed plateau (WAP27-1B), 56 cm at the ice-181 

wedge trough (WAP34B) and ranged from 32 to 45 cm in polygon centres. The measurements 182 

were taken either in mid-July 2024 or mid-August 2023, while the maximum ALT is reached in 183 

late August or September.  184 

 185 

2.1.2 Sites for estimating peatland initiation and carbon accumulation across the region 186 

To estimate the timing of peatland initiation, total carbon masses, and long-term apparent 187 

rates of carbon accumulation (LORCA) across the study region, we collected 15 additional 188 

peat profiles (Figure 1; Table S1), spanning from the subarctic coastal fens to the boreal 189 

forest and corresponding to all permafrost and non-permafrost peatland types described by 190 

Pomonorenko et al. (2014), except for Sphagnum poor fens. Permafrost sites comprised 191 

three polygonal peatlands, four treed/forested peat plateaus, and one open rich fen. Non-192 

permafrost sites comprised two treed rich fens, four open rich fens, and one open poor fen.  193 

 194 

2.2 Field sampling 195 

Fieldwork was mainly conducted during the 2023–2025 growing seasons, with two peat 196 

profiles collected in March 2025 (Table S1). At permafrost sites, the peat from the active layer 197 

was collected into metal boxes (30 × 12 × 6 cm or 50 × 12 × 6 cm). Beneath the active layer, 198 

frozen cores were retrieved using a SIPRE permafrost corer outfitted with a 7.62 cm core 199 

barrel. In non-permafrost fens, peat cores were only collected in metal boxes, as the peat 200 

thickness did not exceed 51 cm over mineral soil. Permafrost cores were kept at −20 °C and 201 

non-permafrost cores at 4 °C until analyses.  202 

 203 

2.3 Laboratory analyses 204 

2.3.1 Bulk density, total organic carbon content, and C/N ratio 205 
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All peat cores were sliced into 1-cm sections using a serrated knife. Permafrost cores were 206 

cut after thawing at 4 °C for 3-7 days or at room temperature overnight, preferably when they 207 

were still icy but easy to slice. No permafrost cores had segregated ice lenses (Supplemental 208 

Figures S1-S5), and the length of each core was measured frozen and after thawing, to 209 

estimate potential water loss and compression. On average, the difference between frozen 210 

and thawed length was 1 cm (0-2.5 cm). This compression was considered to have a limited 211 

effect on subsequent analyses. Measurements of core length taken while the peat cores were 212 

frozen were used in all analyses, including age–depth modelling and calculations of peat and 213 

carbon accumulation rates. 214 

The total organic matter content was analyzed using the loss-on-ignition method (LOI; 215 

Chambers et al., 2011), with contiguous 1-cm intervals for paleoreconstruction sites and 216 

contiguous 3-cm sections for other sites. For each 1- or 3-cm layer, a 3 cm³ peat sample was 217 

weighed and dried at 105 °C overnight to determine the dry bulk density (g cm-³). The dried 218 

samples were burned at 550 °C for three hours to determine organic matter content (%) and 219 

to calculate organic matter density (g cm-3). Organic C density (g cm-3) was calculated by 220 

multiplying the total organic matter density by 0.5 (Turunen et al., 2002). Total C mass (g cm-221 
2) for each site was obtained by summing the organic C density values of all 1-cm peat layers, 222 

then converted to kg C m-2. In cases when peat cores were analyzed for LOI in 3-cm layers, 223 

organic C densities were first multiplied by the peat layer thickness. Total C mass (g C m-2) 224 

was also calculated for each zone identified in plant macrofossil profiles (see section 2.3.2). 225 

For WAP27-1B and OWL 2.1 cores, total carbon and nitrogen (N) contents (%) were analyzed 226 

at 2-cm intervals to calculate the C/N ratio. Prior to analysis, peat samples of ca. 2 cm³ were 227 

dried at 60 °C for approximately 48 hours and then ground using a mortar and pestle. 228 

Subsequently, subsamples of 1.5–2.2 mg of dried peat were analyzed for C and N using an 229 

Elementar Vario MicroCube analyzer at the light stable isotope geochemistry laboratory at 230 

Geotop-UQAM in Montreal, Canada. For WAP05B and WAP34A, C and N contents (%) were 231 

analyzed from paired profiles collected on the same day, less than 1 m apart. The paired 232 

profiles were analyzed in 5-cm sections at the PAPC (CRBE laboratory, Toulouse, France) on 233 

15 to 20 mg subsamples, using an elemental analyzer ThermoScientific, Flash 2000, and NCS 234 

FC and Soil CNS Reference as certified materials. IW1 was not analyzed for C and N contents 235 
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because analytical resources were prioritized for two high-resolution peat cores and no 236 

paired core with complementary data was available. 237 

 238 

2.3.2 Plant macrofossils 239 

Peat profiles for paleoecological reconstructions were analyzed for plant macrofossil 240 

composition at 4 cm intervals. Macrofossil composition was determined from 3 cm³ peat 241 

samples, which were pre-treated following the protocol of Mauquoy et al. (2010), with some 242 

minor adjustments. Peat samples were first gently boiled in a 5% KOH solution for 5-10 243 

minutes, then rinsed with distilled water and sieved through a 125 µm sieve. The abundance 244 

of plant macrofossil groups (Sphagnum mosses, brown mosses, herbaceous, ligneous, and 245 

lichens) was estimated in percentages using a stereoscopic microscope. Coniferous 246 

needles, ericaceous leaves, Cyperaceae seeds and rhizomes, charcoal fragments, 247 

Chironomidae head capsules, Daphnia resting eggs (ephippia), and Oribatid mites were 248 

counted. When possible, brown mosses were identified to the species level, following 249 

Faubert (2014). Sphagnum mosses were identified to section, aggregate, or species level by 250 

checking 50 random Sphagnum branch leaves with a light microscope, following Laine et al. 251 

(2009) and Ayoutte & Rochefort (2019). Leaf counts were converted to percentages, with one 252 

leaf representing 2% of the total abundance of Sphagnum mosses. They were identified to 253 

species level only when stem leaves were also present. Nomenclature of all species follows 254 

Global Biodiversity Information Facility (www.gbif.org, accessed November 20th, 2025).  255 

Plant macrofossil diagrams were created using the riojaPlot package (Juggins, 2025) in R 256 

version 4.5.1 (R Core Team, 2025). Taxa that reached at least 5 or 6% in abundance or 257 

countable macrofossils that appeared at least three or five times (depending on the core) 258 

were included in the diagrams. Different zones in peat profiles were identified using 259 

constrained incremental sum of squares hierarchical clustering (CONISS) and the function 260 

chclust in the rioja package (Juggins, 2024). CONISS was performed with surface lichens, 261 

except for WAP05B, where dwarf shrubs dominate contemporary vegetation. Surface 262 

vegetation is not commonly included in macrofossil diagrams, and lichens tend to 263 

decompose rapidly (Harris et al., 2018). Still, in our opinion, it is crucial to recognize the 264 

contemporary lichen-dominated phase from the preceding one in the profiles. 265 

http://www.gbif.org/
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2.4 14C dating and chronologies 266 

A total of 43 samples were submitted to the A.E. Lalonde AMS Laboratory (University of 267 

Ottawa, Canada) for radiocarbon (14C) dating. The basal age of each core and the major 268 

transitions in plant macrofossil assemblages or bulk density were dated for 269 

paleoreconstructions. Sphagnum moss stems were preferably selected for dating. 270 

Ericaceous leaves, coniferous needles, moss stems, and Cyperaceae seeds were selected 271 

when Sphagnum stems were not sufficiently abundant. Two charcoal samples were 272 

submitted to date wildfires at the WAP27-1B site. Bulk peat samples or wood fragments were 273 

selected when the basal peat was highly decomposed or comprised mainly of Cyperaceae 274 

tissue and rootlets. Radiocarbon dates were calibrated using OxCal v4.4 (Bronk Ramsey, 275 

2009) and the IntCal20 calibration curve (Reimer et al., 2020) and are presented in calibrated 276 

years before present (cal BP, where BP is 1950 CE). 277 

Bayesian age-depth modeling was performed for paleoreconstructions using the R package 278 

rbacon version 3.5.2 (Blaauw & Christen, 2011) in R version 4.5.1 (R Core Team, 2025) and 279 

the IntCal20 calibration curve (Reimer et al., 2020). The surface of the peat cores was set at 280 

-73 or -74 cal BP, corresponding to 2023 and 2024 when the cores were collected. Detailed 281 

AMS radiocarbon dating results for paleoreconstruction sites and age-depth models are 282 

available as supplementary material (Table S2 and Figures S6-S10).  283 

 284 

2.5 Peat and carbon accumulation rates 285 

Peat accumulation rate (PAR; mm a-1) and long-term apparent rate of carbon accumulation 286 

(LORCA, g C m-2 a-1) were calculated for all 20 sites (excluding the WAP34B ice wedge trough) 287 

by dividing the peat thickness and total carbon mass by the basal calibrated median age. As 288 

point age estimates don’t represent the uncertainties involved in 14C dating (Millard, 2014), 289 

PAR and LORCA ranges calculated using the entire age probability ranges are presented for 290 

each site in Supplementary Table S3. 291 

For the paleoreconstruction peat profiles, PAR and carbon accumulation rates (CAR; g C m⁻² 292 

a⁻¹) were also calculated for each 1-cm peat layer and for each zone. First, the duration of 293 

each 1-cm peat layer and zone was determined as the difference between the median ages 294 

(cal BP) at their upper and lower boundaries, as estimated by the Bacon age–depth models. 295 
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Then, PAR was calculated for each 1-cm peat layer and zone by dividing the peat layer 296 

thickness by the time it represented, and CAR was calculated by dividing the C mass of the 297 

layer by the same time.  298 

95% confidence intervals for the start and end of each zone, as well as PAR and CAR ranges 299 

for all zones, are found in Table S4. For clarity, the midpoints between the median ages of the 300 

start and end of successive zones were calculated, rounded to the nearest 10 years, and are 301 

used hereafter to define age intervals of different periods. 302 

 303 

3 Results  304 

 305 

3.1 Peatland initiation across WNP 306 

In the northern boreal forest, peat accumulation began during the Mid-Holocene. The 307 

deepest and oldest peat deposit (2.6 m) was found at the treed plateau 1994B-TB (Figure 1), 308 

where peat started to accumulate approximately 6000 cal BP (Table 1). At the nearby treed 309 

plateau WAP27-1B, peat accumulation began ~5710 cal BP, whereas the basal age of the 310 

treed fen SLF4 was ~2600 cal BP. 311 

At the polygonal peatlands in the subarctic tundra (WAP34A, OWL 2.1, IW1, IW4, and SBF1), 312 

peat accumulation began during the Late Holocene, ~3710–3220 cal BP. The polygonal 313 

peatland WAP05B had a younger basal age of 2390 cal BP, which is consistent with its 314 

location closer to the coast in the low Arctic tundra zone. Site SKID1 is a polygonal peatland 315 

located in the subarctic tundra, but close to Skidmore Lake, where peat accumulation 316 

started even later, roughly 1460 cal BP.  The basal ages of subarctic treed and forested peat 317 

plateaus (LSW9, LSW10, and SLF5) ranged from ~1730 to 410 cal BP, with the youngest site 318 

(LSW10) found the closest to the coast. At subarctic non-permafrost fens (SSF11, PF12, 319 

LMF6, and HLG-1), peat accumulation began ~2160–1200 cal BP. Permafrost was found at 320 

one subarctic fen (PF5), where the basal age was ~2050 cal BP. The basal ages of subarctic 321 

coastal fens (CF7 and CF8) were each ~150 cal BP. However, the wide age range of coastal 322 

fens (~30–260 cal BP (1690–1920 CE)) reflects the reduced chronological precision due to the 323 

Suess effect and complexities in radiocarbon calibration (Reimer et al., 2020). 324 

 325 
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3.2 Long-term peat and carbon accumulation across WNP 326 

In permafrost peatlands, the highest peat and carbon accumulation rates were found in 327 

treed/forested peat plateaus (Table 1), with a mean PAR of 0.73±0.23 (SE) mm a-1, a mean 328 

carbon mass of 71.7±21.4 (SE) kg C m-2, and a mean LORCA of 37.8±13.0 (SE) g C m-2 a-1.  329 

LORCA ranged from 20.6 to 36.9 g C m-2 a-1, except for LSW10, with LORCA of 88.4 g C m-2 a-1. 330 

It is noteworthy, however, that the LSW10 site was the youngest of the peat plateaus, with a 331 

basal age of ~405 cal BP. In polygonal peatlands (n = 7), mean PAR was 0.41±0.04 mm a-1, 332 

mean carbon mass 63.2±7.14 kg m-2, and mean LORCA 22.0±3.03 g C m-2 a-1. In non-333 

permafrost fens (n = 5), mean PAR was 0.26±0.05 mm a-1, mean carbon mass 20.4 ±1.75 kg 334 

m-2, and mean LORCA 12.7 (SE ±1.64) g C m-2 a-1. The subarctic coastal fens, CF7 and CF8, 335 

had the highest LORCA values of 71.9 and 113.3 g C m-2 a-1, respectively, reflecting their young 336 

age (~260–30 cal BP) and incompletely decomposed peat. Also, the wide age range for CF7 337 

and CF8 increases the uncertainty in both PAR and LORCA (Table S3).  338 

 339 

3.3 Peat C and N content (%) and C/N ratio 340 

Across four permafrost peat cores (WAP05B, WAP34A, OWL 2.1, and WAP27-1B), the median 341 

C content was 43.5% (IQR 42.2–44.7%), the median N content was 0.96% (IQR 0.62–2.0%), 342 

and the median C/N ratio was 45.3 (IQR 20.2–68.2). N content declined, and the C/N ratio 343 

increased with the shift from fen to bog vegetation dominated by Dicranum (Figure 2) or 344 

Sphagnum mosses. (Figures 4-6). Across sites, the highest median %N was found at WAP05B 345 

(2.24%) and the lowest at WAP34A (0.77%). 346 

Median C contents did not differ between active layer and permafrost peat (43.3% and 347 

43.6%, respectively), but median N content was lower in active layer peat (0.74%, IQR 0.43–348 

1.10%) than in permafrost peat (1.02%, IQR 0.68–2.11%). Correspondingly, the median C/N 349 

ratio was higher in active layer peat (58.7, IQR 40.4–92.0) than in permafrost peat (43.5, IQR 350 

18.9–63.5).  351 

 352 

 353 

 354 
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 355 

Figure 2. Low Arctic polygon WAP05B. Plant macrofossil abundances (%) and counts, bulk density, 356 
carbon (CAR) and peat (PAR) accumulation rates, and peat N content (%) and C/N ratio for WAP05B. 357 
Different zones in the peat profile were identified using constrained hierarchical clustering (CONISS). 358 
Semi-transparent silhouettes represent a twofold graphical exaggeration of the plotted macrofossil 359 
abundances. UOM = Unidentified organic matter. 360 

 361 

3.4 Paleoecological reconstructions of permafrost peatlands 362 

 363 

3.4.1 Low Arctic tundra 364 

At WAP05B polygonal peatland, peat thickness was 110 cm, and long-term PAR was 0.46 mm 365 

a-1 (Table 1).  Peat started to accumulate around 2390 cal BP, and four main zones were 366 

identified in the plant macrofossil assemblages (Figure 2; Table 2). WAP05B began to 367 

develop over newly exposed mineral soil as a rich fen characterized by Tomentypnum nitens 368 

(zone 1; 2390–2010 cal BP), followed by two fen phases (zones 2a and 2b) characterized by 369 

Cyperaceae sedges and mosses of the family Calliergonaceae. The presence of Scorpidium 370 

scorpioides (zone 2a; 2010–1110 cal BP) and Chironomidae head capsules and Daphnia eggs 371 

(zone 2b, 1110–190 cal BP) suggests wetter conditions than during the initial T. nitens rich-372 

fen phase. The most recent fen phase (zone 2b) lasted until ~190 cal BP, when bog mosses 373 
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Aulacomnium sp., Dicranum sp., and Hylocomnium splendens took over. This rapid 374 

transition to drier bog vegetation suggests permafrost aggradation during the Little Ice Age 375 

(LIA). The highest zone-specific PAR (0.67 mm a-1) and CAR (51.9 g C m-2 a-1) were recorded in 376 

zone 3 (190 cal BP to the present), which corresponds to the most recent, poorly 377 

decomposed peat (Young et al., 2019). The median N content (%) was lowest (0.94%), 378 

whereas the median C content (43.2%) and C/N ratio (45.9) were highest in zone 3. 379 

 380 

 381 

Figure 3. Subarctic polygon IW1. Plant macrofossil abundances (%) and counts, bulk density, and 382 
carbon (CAR) and peat (PAR) accumulation rates for IW1. Different zones in the peat profile were 383 
identified using constrained hierarchical clustering (CONISS). Semi-transparent silhouettes represent 384 
a twofold graphical exaggeration of the plotted macrofossil abundances. UOM = Unidentified organic 385 
matter. 386 

 387 

3.4.2 Subarctic tundra 388 

All paleoreconstruction sites in this region were polygonal peatlands, where peat started to 389 

accumulate between ~3710 and 3540 cal BP (Table 1). 390 
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At IW1, peat thickness was 105 cm, and peat accumulation started ~3590 cal BP, and the 391 

long-term PAR was 0.29 mm a-1.  Ligneous and herbaceous rootlets characterized zone 1 392 

(3590–2670cal BP; Figure 3). The occurrence of Sphagnum cf. capillifolium and ericaceous 393 

leaves, as well as Picea mariana needles, suggests that bog development began during this 394 

initial phase. From ~2670 to 2170 cal BP (zone 2), the high abundance of Sphagnum fuscum 395 

and P. mariana needles indicates a treed bog phase. The decreased abundance of S. fuscum 396 

and increased abundance of ligneous material from 59 to 46 cm (zone 3a; 2170–1760 cal BP) 397 

suggests a forested phase with P. mariana. From ~1760 to 770 cal BP (zone 3b), the site was 398 

still dominated by S. fuscum, but P. mariana disappeared ~1330 cal BP. The presence of 399 

charcoal between 8 and 3 cm below the surface suggests a local fire between ~860 and 250 400 

cal BP.  Zone 3c (~770 cal BP to present) was characterized by mosses (mainly Polytrichum 401 

sp.) and Cladonia lichens. Peat accumulation diminished ~1050 cal BP, and the lowest zone-402 

specific PAR (0.07 mm a-1) and CAR (4.6 g C m-2 a-1) were recorded in zone 3c, reflecting drying 403 

associated with permafrost aggradation.  404 

 405 

Figure 4. Subarctic polygon WAP34A. Plant macrofossil abundances (%) and counts, bulk density, 406 
carbon (CAR) and peat (PAR) accumulation rates, and peat N content (%) and C/N ratio for WAP34A. 407 
Different zones in the peat profiles were identified using constrained hierarchical clustering (CONISS). 408 
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Semi-transparent silhouettes represent a twofold graphical exaggeration of the plotted macrofossil 409 
abundances. UOM = Unidentified organic matter. 410 

 411 

At WAP34A, peat thickness was 180 cm, and long-term PAR was 0.51 mm a-1 (Table 1). Peat 412 

accumulation began ~3540 cal BP, and five main phases were identified (Figure 4; Table 2). 413 

Until ~3140 cal BP (zone 1a), the site was a sedge-dominated fen or a swamp with 414 

shrubs/trees of the Betulaceae family (birch and/or alder). Between ~3140 and 1760 cal BP 415 

(zone 1b), the WAP34A site was characterized by coniferous trees and herbaceous 416 

vegetation. Initially, Larix co-occurred with Betulaceae species, followed by the appearance 417 

of Picea mariana and P. glauca, as well as Pleurozium schreberi ~2300 cal BP. The 418 

appearance of P. mariana also coincided with the emergence of the first Sphagnum mosses 419 

(section Acutifolia). From ~1760 to 1460 cal BP (zone 2a), vegetation was dominated by S. 420 

section Acutifolia (including S. fuscum type) and Vaccinium oxycoccos, indicating an open 421 

bog phase. Peat and carbon accumulation rates were the highest during this open bog phase, 422 

with zone-specific PAR of 1.31 mm a-1 and CAR of 43.4 g C m-2 a-1, while median N content 423 

was the lowest (0.45%). Zone 2b (from 1460 to 570 cal BP) remained dominated by S. fuscum 424 

type, though the abundance of Picea needles suggests a treed bog phase. Peat accumulation 425 

decreased ~1270 cal BP, indicating cooling. Picea trees completely disappeared ~780 cal BP 426 

and S. fuscum type ~480 cal BP. The vegetation shifted to dominance by tundra mosses, 427 

including S. lenense and Dicranum spp., ~550 cal BP (zone 2c), suggesting permafrost 428 

aggradation. Correspondingly, the basal age of the peat core from an ice-wedge through 429 

(WAP34B) was ~570 cal BP. The lowest zone-specific PAR (0.37 mm a-1) and CAR (19.6 g C m-430 

2 a-1) were recorded in zone 2c. 431 

At OWL 2.1, peat thickness was 166 cm, and long-term PAR was 0.45 mm a-1 (Table 1). Peat 432 

accumulation began ~3710 cal BP. The beginning of zone 1a (3710–2710 cal BP) was 433 

characterized by sedges and Scorpidium scorpioides, indicating wet conditions of a 434 

moderately rich fen. Bog species Chamaedaphne calyculata appeared already ~3530 cal BP 435 

and Picea spp. (mainly P. mariana) ~2910 cal BP. Between 2710 and 2200 cal BP (zone 1b), 436 

OWL 2.1 was characterized by Sphagnum sect. Acutifolia, Vaccinium oxycoccos, and P. 437 

mariana, representing a treed bog phase. The highest zone-specific PAR (1.04 mm a-1) and 438 

CAR (30.6 g C m-2 a-1) were recorded for zone 1b (Table 2). Larix laricina needles increased 439 

towards the end of zone 1b. From 2200 to 460 cal BP (zone 2a), the site remained dominated 440 
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by Sphagnum mosses and P. mariana, but species of Sphagnum sect. Cuspidata were also 441 

abundant. The peat accumulation rate decreased ~1530 cal BP. P. mariana needles were not 442 

found above 30-31 cm, dating ~890 cal BP, and some charcoals were found in the same layer. 443 

The disappearance of spruce was followed by a peak in wet-habitat species Warnstorfia 444 

fluitans aggr.  and Sphagnum sect. Cuspidata (incl. S. riparium, not shown in the macrofossil 445 

diagram), suggesting that the fire event may have triggered permafrost thaw, if permafrost 446 

formed during the early LIA. Ligneous rootlets and bark, as well as remnants of lichens, 447 

peaked at 22 cm depth (~270 cal BP), possibly linked with a second phase of permafrost 448 

aggradation. From 460 cal BP to the present (zone 2b), OWL 2.1 was dominated by a tundra 449 

species, Sphagnum lenense, until lichens took over in the 20th century. 450 

 451 

Figure 5. Subarctic polygon OWL 2.1. Plant macrofossil abundances (%) and counts, bulk density, 452 
carbon (CAR) and peat (PAR) accumulation rates, and peat N content (%) and C/N ratio for OWL 2.1. 453 
Different zones in the peat profile were identified using constrained hierarchical clustering (CONISS). 454 
Semi-transparent silhouettes represent a twofold graphical exaggeration of the plotted macrofossil 455 
abundances. UOM = Unidentified organic matter. 456 

 457 

 458 
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3.4.3 Northern boreal forest 459 

At WAP27-1B treed peat plateau, peat thickness was 251 cm, and long-term PAR was 0.44 460 

mm a-1 (Table 1). Peatland initiation began ~5710 cal BP. However, the base of the core (286–461 

251cm) was characterized by fluctuating layers of mineral soil and organic matter, likely 462 

reflecting glacial isostatic adjustment and sea-level fluctuations (Dalton et al. 2023; Gauthier 463 

et al., 2020). Between 5710 and 3780 cal BP (zone 1a), plant macrofossils were characterized 464 

by Betulaceae leaves and fruits, Carex and Juncus seeds, Cyperaceae rhizomes, and 465 

Daphnia eggs (Figure 6). This indicates a shrub-sedge fen phase with high water table. 466 

Calliergonaceae mosses and Larix laricina needles increased towards the end of this phase.  467 

Sphagnum sect. Acutifolia and Picea mariana appeared ~3590 cal BP, characterizing zone 1b 468 

(3780–2610 cal BP). Charred Picea needles and charcoals were also abundant, indicating at 469 

least one wildfire ~2750 cal BP (Table S2). After the fire, the site was still characterized by 470 

Sphagnum fuscum, and P. mariana increased over time (zone 1c; ~2610–1600 cal BP). In 471 

contrast to the subarctic sites, zone-specific PAR was the lowest during this treed bog phase 472 

(PAR = 0.23 mm a-1; Table 2). From ~2590 to 1760 cal BP, PAR was ca. 0.2 mm a-1 and CAR less 473 

than 10 g C m-2 a-1, likely reflecting peat loss and low post-fire peat accumulation. 474 

The next phase, from ~1600 to 780 cal BP (zone 2), was characterized by S. sect. Cuspidata 475 

and rapid peat and carbon accumulation (zone-specific PAR of 1.1 mm a-1 and CAR of 45.4 g 476 

C m-2 a-1 (Table 2). First, the landscape likely opened after a wildfire ~1500 cal BP, and P. 477 

mariana temporarily disappeared. Poor-fen species Warnstorfia fluitans and S. jensenii aggr. 478 

increased, suggesting high water tables. P. mariana increased towards 800 cal BP, when 479 

vegetation again shifted from the dominance of S. sect. Cuspidata to hummock-level species 480 

S. fuscum and Vaccinium oxycoccos. This shift marks the transition not only to drier 481 

conditions but also to slower peat accumulation (zone 3a between 780 and 30 cal BP). 482 

Around 760 cal BP, PAR dropped from 1.3 to 0.8 mm a-1 (Figure 6), suggesting permafrost 483 

aggradation. A third reconstructed fire occurred approximately 730 cal BP (Table S2), but 484 

Picea trees did not totally disappear from the site, although the number of needle fragments 485 

decreased in peat ~590 cal BP. Ericaceous shrubs (mostly Rhododendron tomentosum) 486 

increased ~100 cal BP. Zone 3b (~30 cal BP to the present) represents the contemporary 487 

vegetation of treed peat plateaus, dominated by R. tomentosum and Cladonia spp. lichens.  488 
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 489 

Figure 6. Treed peat plateau WAP27-1B. Plant macrofossil abundances (%) and counts, bulk density, 490 
carbon (CAR) and peat (PAR) accumulation rates, and peat N content (%) and C/N ratio for WAP27-491 
1B. Different zones in the peat profile were identified using constrained hierarchical clustering 492 
(CONISS). Semi-transparent silhouettes represent a twofold graphical exaggeration of the plotted 493 
macrofossil abundances. UOM = Unidentified organic matter. 494 

 495 

4 Discussion 496 

4.1 Peatland initiation and long-term carbon accumulation 497 

Since the retreat of the Laurentide Ice Sheet and land emergence from the postglacial Tyrell 498 

Sea, peatland initiation in the HBL has been primarily governed by the influence of glacial 499 

isostatic adjustment and climate (Dredge & Mott, 2003; Glaser et al., 2004; Packalen et al., 500 

2014). In WNP, peat thickness, age, and carbon mass increase from the coast to inland (Table 501 

1; Supplemental Figure S11). Peatland initiation dates to at least 6000 cal BP in the boreal 502 

forest and extends into recent centuries along the coast, where new fens are still formed 503 

following ongoing land emergence. These same gross patterns have been found across the 504 

entire HBL complex (Dredge & Mott, 2003; Zhang et al., 2012; Packalen et al., 2014, 2016; Li 505 

et al., 2025).  506 
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Among peatland types in WNP, total C masses and long-term C accumulation rates (LORCA) 507 

were generally higher in treed/forested peat plateaus and polygonal peatlands than in non-508 

permafrost fens, reflecting the ongoing glacial isostatic adjustment and peatland succession 509 

from coastal fens to treed peat plateaus and polygons (Korhola et al., 1995). On average, 510 

treed peat plateaus store 71.7±21.4 (SE) kg C m-2, polygonal peatlands 63.2±7.14 kg C m-2, 511 

and non-permafrost fens 20.4±1.75 kg C m-2. These values are lower than those generally 512 

found in the HBL complex, where a mean total mass of 107 kg C m-2 has been reported for 513 

bogs (incl. palsas and peat plateaus) and that of 81 kg C m-2 for fens (Packalen et al., 2016). 514 

In addition to differences in growing season length and spatial variation in peat thickness 515 

(Packalen et al., 2016), lower C mass in WNP may be linked to permafrost aggradation and a 516 

subsequent decline in C accumulation (Camill et al., 2009; Lamarre et al., 2012; Robinson 517 

and Moore, 2000; Sannel and Kuhry, 2009). Most of these permafrost peatlands are currently 518 

covered by Cladonia spp. lichens that produce less biomass and decompose faster than 519 

Sphagnum mosses; therefore, limiting peat and C accumulation (Harris et al., 2018). 520 

Nevertheless, permafrost peatlands in WNP store a significant amount of soil carbon, some 521 

of which may be released to the atmosphere and exported to surface waters if the locally 522 

observed ice wedge degradation continues (Heffernan et al., 2024; Hugelius et al., 2020; 523 

Martin et al., 2017; Schuur et al., 2015, 2022; Treat et al., 2021; Wickham et al., 2020). 524 

 525 

4.2 Peatland development and permafrost dynamics across different vegetation zones 526 

We focused on comparing peatland development and permafrost dynamics between low 527 

Arctic and subarctic tundra and the northern boreal forest. Sharp declines in peat 528 

accumulation reflected cooling during the Dark Ages Cold Period (DACP; Helama et al., 2017; 529 

Figure 7). DACP occurred ~1550–1185 cal BP (Helama et al., 2017), with extreme cold 530 

temperatures ~1430–1230 cal BP, a period named the Late Antique Little Ice Age (LALIA; 531 

Büntgen et al., 2016; van Dijk et al., 2024). Continued low peat and C accumulation and 532 

changes in vegetation further suggest permafrost aggradation during the Little Ice Age (LIA; 533 

van Dijk et al., 2024). The LIA occurred approximately between 650 and 100 cal BP (1300–534 

1850 CE), with evidence for a particularly cold period between 310 and 110 cal BP (1640–535 

1840 CE; van Dijk et al., 2024). Permafrost aggradation during the LIA has also been reported 536 

from peatlands in subarctic Quebec on the eastern coast of HBL (Payette & Delwaide, 2004; 537 
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Arlen-Pouliot & Bhiry, 2005; Bhiry et al., 2007; Lamarre et al., 2012) and the sporadic 538 

permafrost zone in northern Manitoba (Camill et al., 2009). Moreover, succession trajectories 539 

differed between vegetation zones. Most importantly, the lack of fen vegetation after 540 

permafrost aggradation suggests that in the subarctic tundra, intermediate-centred polygons 541 

did not evolve from low-centred polygons, as is commonly interpreted (e.g., Mackay, 2000; 542 

Liljedahl et al., 2016; Vardy et al., 2005). Instead, our results suggest that polygonal ground 543 

formed in open peat plateaus after trees disappeared between ~1330 and 780 cal BP.  544 

 545 

Figure 7. Peat accumulation rate (PAR; mm a-1) since peatland initiation. At the low Arctic site 546 
WAP05B, PAR has been relatively stable over time. At the subarctic polygons (IW1, WAP34A, and OWL 547 
2.1), PAR declined rapidly around 1530–1050 cal BP, reflecting cooling during the Dark Ages Cold 548 
Period (DACP; 1500–1185 cal BP, Helama et al., 2017) and permafrost aggradation during the Little Ice 549 
Age (LIA). At the WAP27-1B treed peat plateau in the northern boreal forest, PAR was high through 550 
DACP and decreased around 760 cal BP, suggesting permafrost aggradation at the onset of the LIA. 551 

 552 
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4.2.1 Low Arctic tundra 553 

At the low Arctic site WAP05B, peat began to accumulate ~2390 cal BP.  Vegetation shifted 554 

from wet fen vegetation with Calliergonaceae mosses to the dominance of bog mosses 555 

(mostly Dicranum spp.) and dwarf shrubs ~190 cal BP, suggesting drying conditions with 556 

permafrost aggradation (Tarnocai & Zoltai, 1975; Vardy et al., 2005; Hichens-Bergström & 557 

Sannel, 2023) during the late LIA. No sharp decline in peat accumulation was observed at 558 

WAP05B, unlike in subarctic and northern boreal sites (Figures 2 and 7; Table 3), reflecting 559 

the effect of cooling throughout the DACP and the vegetation/peat type that preceded the 560 

present-day polygons. The peat profile from WAP05B consisted mostly of fen peat, which 561 

generally has lower peat accumulation rates than Sphagnum peat (Ovenden 1990; Turunen 562 

et al., 2002; Davies et al., 2021). Permafrost aggradation during the LIA is supported by a 563 

decrease in peat N content (%) and an increase in C/N ratio (Treat et al., 2016). However, the 564 

changes we observed in N% and C/N ratio at WAP05B are at least partly explained by the shift 565 

from fen to bog vegetation (Watmough et al., 2022). 566 

In theory, intermediate-centred polygons at WAP05B could have developed from low-centred 567 

polygons. The present-day polygon was preceded by wet fen vegetation with Calliergonaceae 568 

mosses and sedges, commonly found in low-centred polygons (De Klerk et al., 2011; Mackay, 569 

2000; Wolter et al., 2016). Multiple Chironomidae head capsules and Daphnia spp. resting 570 

eggs were also found in this peat layer, which dates from ~1110 to 190 cal BP (Figure 2), 571 

suggesting an aquatic habitat. However, dating organic material preserved within the ice 572 

wedges would be needed to constrain the timing of ice wedge formation at the low Arctic 573 

WAP05B site.  At present, small and shallow ponds are common in WNP, but we have not 574 

found any low-centred polygons. Thus, we conclude that permafrost and intermediate-575 

centred polygons formed in the low Arctic tundra during the late LIA, but the exact 576 

successional pathway remains uncertain.  577 

 578 

4.2.2 Subarctic tundra 579 

At subarctic polygonal peatlands in WNP (IW1, WAP34A, and OWL 2.1), peat started to 580 

accumulate on recently exposed mineral soil between 3710 and 3540 cal BP. 581 

Paleoreconstructions suggest that the shift from fen to Sphagnum bog vegetation occurred 582 
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∼3210–2300 cal BP (Figures 3-5; Table 3). This shift was followed by a treed bog phase, 583 

mainly with Sphagnum fuscum and Picea mariana (and some P. glauca). At the WAP34A site, 584 

an open S. fuscum bog preceded the treed bog phase, and at OWL 2.1, vegetation shifted 585 

from the dominance of S. fuscum type to that of S. sect. Cuspidata ~2200 cal BP. It is 586 

noteworthy that peat and carbon accumulation were fast during the Sphagnum bog stages, 587 

suggesting non-permafrost conditions. At WAP34, for example, PAR ranged from 0.7 to 2.0 588 

mm a-1 and CAR from 33.1 to 86.0 g C m-2 a-1 during 1810 –1280 cal BP (Figures 4 and 7). These 589 

are comparable, and in some cases exceed, the PAR and CAR values reported for boreal bogs 590 

in non-permafrost regions (e.g., Gorham et al., 2003; Jauhiainen et al., 2004; Mathijssen et 591 

al., 2016). 592 

Peat and C accumulation rates declined rapidly between 1500 and 1050 cal BP, suggesting 593 

cooling during the DACP (Charman et al., 2013). Further on, spruce (P. mariana and P. glauca) 594 

disappeared around 890–780 cal BP at the WAP34A and OWL 2.1 sites. At IW1, spruce 595 

disappeared already ~1330 cal BP. The disappearance of spruce is likely linked to shifts 596 

toward colder climatic conditions during the DACP and later during the onset of LIA (Helama 597 

et al., 2017; Delwaide et al., 2021; van Dijk et al., 2024). Specifically, short growing seasons 598 

during the DACP and the LIA may have constrained the sexual reproduction of spruce 599 

(Meunier et al., 2007; Splawinski et al., 2022). Reduced growth of Picea mariana during the 600 

DACP and at the onset of the LIA has been evidenced by pollen data from marine sediments 601 

from eastern Hudson Bay (Vallerand et al., 2024) and tree-ring data from subarctic Quebec, 602 

northeastern Canada (Vallée & Payette, 2004; Arseneault et al., 2013; Gennaretti et al., 2014). 603 

Local wildfires at the end of the Medieval Warm Period (MWP; maximum temperatures ~970–604 

770 cal BP; van Dijk et al., 2024) may have also contributed to the disappearance of trees 605 

(Camill et al., 2009). Charcoals were found in the OWL 2.1 core at a depth of 31–26 cm, while 606 

the last (most recent) Picea needles were observed at 31–30 cm. Based on the age-depth 607 

model, at least one wildfire occurred roughly between 900 and 500 cal BP, overlapping with 608 

the end of MWP and early LIA (van Dijk et al., 2024).  609 

Spruce disappearance was followed by continued slow peat and C accumulation, suggesting 610 

permafrost aggradation (Camill et al., 2009; Lamarre et al., 2012; Robinson and Moore, 2000; 611 

Sannel and Kuhry, 2009) during the LIA. At WAP34A and IW1 sites, PAR ranged from 0.06 to 612 

0.4 mm a-1 and CAR from 2.5 to 28.3 g C m-2 a-1 during the LIA (Table 3), corresponding to low 613 
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accumulation rates previously reported for permafrost periods (Sannel & Kuhry, 2009; 614 

Lamarre et al., 2012; Pelletier et al., 2017). At OWL 2.1, PAR ranged from 0.1 to 1.0 mm a-1 and 615 

CAR from 6.9 to 36.2 g C m-2 a-1. These wider ranges likely reflect a post-fire thaw phase, as 616 

inferred by the abundance of Warnstorfia fluitans (aggregate) and wet-habitat species of 617 

Sphagnum sect. Cuspidata (Arlen-Pouliot & Bhiry, 2005; Erlington et al., 2024; Kuhry, 2008; 618 

Robinson & Moore, 2000). The disappearance of spruce likely induced thinner snow covers 619 

and thereby deeper frost penetration during winter, triggering permafrost aggradation 620 

(Payette et al., 1986). Furthermore, vegetation shifted to the dominance of tundra mosses 621 

(including Dicranum spp., Polytrichum spp., and Sphagnum lenense) and Cladonia lichens 622 

~550–420 cal BP, further supporting the interpretation of permafrost aggradation during the 623 

early LIA.  624 

The disappearance of spruce may have also enhanced deep frost cracking and formation of 625 

ice wedge polygons in peat plateaus, as previously reported by Payette et al. (1986). The 626 

detailed evolution of ice wedges was outside the scope of our study, but the lack of fen 627 

vegetation after permafrost aggradation suggests that intermediate-centred polygons did not 628 

evolve from wet, low-centred polygons in the subarctic tundra zone.  We collected and dated 629 

the base of one peat profile (WAP34B) from an ice-wedge trough. The age of the peat on top 630 

of the ice wedge was ~570 cal BP, and correspondingly, S. lenense replaced S. fuscum in the 631 

polygon centre at WAP34A between 600 and 500 cal BP. Both are hummock-forming species, 632 

and their distribution areas partly overlap, but S. fuscum is a more generalist bog species 633 

than S. lenense, which predominantly grows in arctic tundra, including dry polygon centres 634 

(Ovenden, 1982). A similar shift toward S. lenense dominance during the LIA was also 635 

observed at OWL 2.1. However, dating of organic material preserved within the ice wedges 636 

would be necessary to constrain the exact timing of ice-wedge formation and growth 637 

(Lachniet et al., 2012; Vasil’chuk et al., 2026).  Kasper & Allard (2001) reported intense ice-638 

wedge activity during the LIA on the eastern coast of Hudson Bay, but further research is 639 

needed on ice-wedge evolution and activity in the northwestern HBL.  640 

 641 

4.2.3 Northern boreal forest 642 
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The development history of our treed plateau site (WAP27-1B) roughly follows the same 643 

patterns documented by Kuhry (2008) in a treed plateau approximately 20 km northwest 644 

along the Hudson Bay railroad. At WAP27-1B, peat accumulation began ~5700 cal BP, and the 645 

fen-bog transition occurred ~3590 cal BP (Figures 6 and 7; Table 3). Kuhry (2008) estimated 646 

that the first phase of permafrost aggradation may have occurred ~2250 cal BP. At WAP27-647 

1B, PAR and CAR values were lowest during ~2590–1760 cal BP. However, a wildfire occurred 648 

in the area ~2750 cal BP, and peat loss and diminished post-fire peat accumulation may 649 

explain the low PAR and CAR values (Kuhry, 1994; Robinson & Moore, 2000; Sannel & Kuhry, 650 

2009) rather than permafrost aggradation. In either case, northern boreal peatlands have 651 

likely remained permafrost-free from 1600 to 700 cal BP, throughout the cooling of DACP and 652 

until the onset of the LIA. This was indicated by relatively high PAR and CAR values and the 653 

abundance of wet-habitat moss species, including Sphagnum jensenii (aggregate) and 654 

Warnstorfia fluitans. PAR and CAR diminished ~760 cal BP, spruce declined ~590 cal BP, and 655 

ericaceous shrubs increased ~100 cal BP, suggesting permafrost aggradation during the LIA. 656 

Correspondingly, Kuhry (2008) concluded that in northern boreal forests of northern 657 

Manitoba, treed peat plateaus formed ~800–400 cal BP.  658 

Conclusions 659 

Paleoreconstructions from peatlands in the northwestern Hudson Bay Lowlands suggest 660 

relatively recent permafrost aggradation in the region. Peat and carbon accumulation rates 661 

generally declined between ~1530 and 760 cal BP, coinciding with cooling from the Dark Ages 662 

Cold Period to the Little Ice Age. Spruce (Picea mariana, P. glauca) disappeared from the 663 

subarctic peatlands and decreased at the northern boreal peatland between 1330 and 590 664 

cal BP. Taken together, the abrupt decline in peat and carbon accumulation rates following 665 

periods of rapid accumulation, spruce disappearance, and the shift to vegetation of open 666 

peat plateaus and polygonal peatlands suggests permafrost aggradation across the 667 

northwestern Hudson Bay Lowlands during the Little Ice Age. Subsequently, permafrost 668 

remained relatively stable, except for a short thaw phase following a wildfire at the subarctic 669 

OWL 2.1 site. However, due to its relatively recent origin, permafrost in the region may be 670 

particularly vulnerable to thaw under present warming. 671 

Our paleoecological reconstructions further suggest that in the subarctic tundra,  dry 672 

intermediate-centred polygons did not evolve from wet, low-centred polygons, as commonly 673 
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interpreted. Instead, ice wedge polygons appear to have developed in Sphagnum-dominated 674 

peat plateaus, following the disappearance of spruce. In the low Arctic tundra, however, the 675 

study site was characterized by fen vegetation until the Little Ice Age, when dry intermediate-676 

centred polygons developed, but the exact successional pathway remains uncertain. These 677 

contrasting histories highlight the importance of considering peatland development and the 678 

type of permafrost peat when assessing the vulnerability of permafrost and potential climate-679 

carbon feedbacks in a warming climate. 680 
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Table 1. Vegetation zone, distance from the coast, peat thickness, total C mass, and basal peat ages (uncalibrated 14C age, calibrated 2-sigma range, and 1061 
median age) for all study sites. The age calibration was performed using OxCal v4.4 (Bronk Ramsey, 2009) and the IntCal20 calibration curve (Reimer et 1062 
al., 2020). Long-term peat accumulation rate (PAR; mm a-1) and carbon accumulation rate (LORCA; g C m-2 a-1) were calculated by dividing the peat 1063 
thickness and total C mass by the calibrated median age. Vegetation zones: LAT = low Arctic tundra, ST = subarctic tundra, and NBF = northern boreal 1064 
forest. *Sites for detailed paleoecological reconstructions.  1065 

          AMS Radiocarbon dating     

Site name 

Vegetation 
zone 

Distance 
to coast 

(km) 

Peat 
thickness 

(cm) 

Total C 
mass  (kg 

C m-2) 
Lab ID Dated material 

Depth 
(cm) 

Age (14C yr 
BP) 

2σ range 
(cal BP) 

Median 
age (cal 

BP) 

PAR                
(mm a-

1) 

LORCA 
(g C m-

2 a-1) 

Polygonal 
peatlands  

 
          

WAP05B* LAT 13,5 110 75,0 UOC-26524 Ericaceae leaves, moss stems 109–110 2390 ± 15 2346–2436 2391 0,46 31,4 

WAP34A* ST 46,8 180 94,2 UOC-26523 Bulk peat 179–180 3350 ± 15 3490–3594 3542 0,51 26,6 

WAP34B (trough) ST 46,8 NA NA UOC-26532 Sphagnum stems, Ericaceae leaves 87–88 645 ± 20 559–594 577 NA NA 

OWL 2.1* ST 38,9 166 70,4 UOC-26529 Moss stems, Ericaceae leaves 165–166 3460 ± 15 3684–3729 3707 0,45 19,0 

IW1* ST 26,8 105 45,1 UOC-28046 Wood fragments 104–105 3360 ± 20 3492–3684 3588 0,29 12,6 

IW4 ST 25,4 94 44,0 UOC-27860 Bulk peat 91–92 3030 ± 30 3083–3346 3215 0,29 13,7 

SBF1 ST 43,4 126 67,2 UOC-29266 Wood fragments 125–126 3360 ± 20 3492–3684 3588 0,35 18,7 

SKID1 ST 36,6 78 46,7 UOC-29268 Wood fragments 77–78 1580 ± 20 1401–1518 1460 0,53 32,0 

Treed peat plateaus  
 

          

LSW9 ST 13,8 72 37,1 UOC-30617 Bulk peat 71–72 1840 ± 35 1825–1632 1729 0,42 21,4 

LSW10 ST 9,2 66 36,0 UOC-29263 Bulk peat 65–66 365 ± 15 324–489 407 1,62 88,4 

SLF5 ST 25,6 76 37,2 UOC-28051 Coniferous needles 75–76 1110 ± 15 957–1058 1008 0,75 36,9 

WAP27-1B* NBF 
78,1 

251 124,7 UOC-25975 
Ericaceae leaves, moss stems, Cyperaceae 
seeds 250–251 5010 ± 25 5656–5755 5706 0,44 21,9 

1994B-TB NBF 76,9 263 123,5 UOC-30614 Bulk peat 262–263 5190 ± 35 6103–5900 6002 0,44 20,6 

Permafrost fens  
 

          

PF5 ST 14,7 58 32,3 UOC-28045 Juncus seeds 57–58 2090 ± 15 1997–2109 2053 0,28 15,7 
Non-permafrost 
fens  

 
          

SSF11 ST 11,4 24 15,0 UOC-27342 Bulk peat 23–24 1560 ± 20 1377–1515 1446 0,17 10,4 

PF12 ST 18,6 51 25,8 UOC-27861 Wood fragments 50–51 2160 ± 30 2006–2305 2156 0,24 12,0 

LMF6 ST 13,7 38 19,1 UOC-28047 Wood fragments 36–37 1280 ± 15 1177–1276 1227 0,31 15,6 

HLG-1 ST 15,2 51 20,6 UOC-29267 Bulk peat 47–48 1270 ± 15 1130–1274 1202 0,42 17,2 

SLF4 NBF 76,4 37 21,5 UOC-28050 Bulk peat 36–37 2490 ± 20 2492–2713 2603 0,14 8,2 

Coastal fens  
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CF7 ST 0,8 27 10,4 UOC-28048 Wood fragments 26–27 120 ± 15 30–259 145 1,86 71,9 

CF8 ST 0,9 37 16,4 UOC-28049 Moss stems, seeds 36–37 110 ± 15 33–257 145 2,55 113,3 

1066 
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Table 2. Peat and carbon accumulation rates (PAR; CAR), and median C%, N%, and C/N ratios for the zones identified using CONISS hierarchical 1067 

clustering. PAR (mm a-1) was calculated by dividing the zone thickness by its duration time. Similarly, CAR (g C m-2 a-1) was calculated by dividing the C 1068 

mass in a zone by the duration time. The duration time of a zone was determined as the difference between the median ages (cal BP) at their upper and 1069 

lower boundaries, as estimated by the Bacon age–depth models. The periods (cal BP) presented in the table are midpoints between the median ages of 1070 

the start and end of successive zones, rounded to the nearest 10. 1071 

     PAR CAR C% N% C/N ratio 
Site Zone Depth (cm) Period (cal BP) Vegetation (mm a-1) (g C m-2 a-1) Median Median Median 
WAP05B 1 109–89 2390–2010 Tomentypnum nitens 0,56 32,1 39,8 2,10 19,5 

 2a 89–52 2010–1110 Calliergonaceae 0,42 25,1 41,8 2,26 18,0 

 2b 52–16 1110–190 Calliergonaceae, Carex spp. 0,41 32,3 43,1 2,42 17,9 
  3 16–0 190–present Dicranum spp., Ericaceae 0,67 51,9 43,2 0,94 45,9 
IW1 1 105–83 3590–2670 Mosses, Picea mariana 0,25 13,0 NA NA NA 

 2 83–59 2670–2170 Sph. fuscum, Picea mariana 0,51 15,8 NA NA NA 

 3a 59–46 2170–1760 Picea mariana 0,34 19,8 NA NA NA 

 3b 46–6 1760–770 Sph. fuscum, Picea mariana 0,42 15,8 NA NA NA 
  3c 0–6 770–present Lichens, Ericaceae 0,07 4,6 NA NA NA 
WAP34A 1a 180–159 3540–3140 Carex spp., Larix laricina 0,51 33,0 40,9 2,76 14,3 

 1b 159–104 3140–1760 Larix laricina, Picea spp. 0,40 28,3 43,7 1,77 25,2 

 2a 104–66 1760–1460 Sph. fuscum type, V. oxycoccos 1,31 43,4 42,2 0,45 94,8 

 2b 66–23 1460–570 Sph. fuscum type, Picea spp. 0,49 20,8 43,1 0,52 85,1 
  2c 23–0 570–present Dicranum spp., Sph. lenense 0,37 19,6 42,7 1,05 41,3 
OWL 2.1 1a 166–144 3710–2710 Brown mosses, Cyperaceae 0,23 13,2 37,8 2,36 16,3 

 1b 92–144 2710–2200 S. sect. Acutifolia, V. oxycoccos 1,04 30,6 42,6 0,67 64,5 

 2a 92–26 2200–460 Sphagnum spp., Picea spp. 0,39 18,9 46,2 1,26 37,0 
  2b 26–0 460–present Sphagnum lenense 0,55 22,0 41,7 0,53 78,5 
WAP271B 1a 251–194 5710–3780 Carex spp., L. laricina, Betulaceae 0,30 19,5 44,6 2,36 18,7 

 1b 194–161 3780–2610 Picea spp., S. sect. Acutifolia 0,29 18,3 44,8 0,83 55,7 

 1c 161–139 2610–1600 Sph. fuscum, Picea spp. 0,23 9,7 43,7 0,70 68,2 

 2 139–49 1600–780 S. sect. Cuspidata, V. oxycoccos 1,11 45,4 44,1 0,70 63,4 

 3a 49–5 780–30 Sph. fuscum, Picea spp. 0,59 24,9 43,7 0,50 87,8 
  3b 5–0 30–present Lichens, Rhododendron sp. 0,62 25,4 44,9 1,06 43,3 
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Table 3. Summary of peatland characteristics, vegetation succession, and peat and C accumulation rates across 1073 
the studied paleoreconstruction sites in the low Arctic and subarctic tundra and the northern boreal forest zones. 1074 
The timing of spruce disappearance at WAP27-1B is in parentheses because the peat plateau is still treed, but spruce 1075 
needles decreased in the peat profile ~590 cal BP. The shift to shrub tundra vegetation, associated with slow peat 1076 
accumulation, indicates the timing of permafrost aggradation. 1077 

  WAP05 IW1 WAP34 OWL 2.1 WAP27-1B 

Vegetation zone Low Arctic Subarctic Subarctic Subarctic Northern Boreal 

Latitude 58,34 58,29 58,05 57,71 57,61 

Ecosystem type 
Polygonal 
peatland 

Polygonal 
peatland 

Polygonal 
peatland 

Polygonal 
peatland 

Treed peat 
plateau 

Peatland age (cal BP) 2390 3590 3540 3710 5710 

Fen-bog transition (cal BP) ~190 ~3210 ~2300 ~2670 ~3590 

Decline in peat accumulation rate (cal BP) Not observed ~1050 ~1270 ~1530 ~760 

Spruce disappearance (cal BP) No spruce ~1330 ~780 ~890 (~590) 

Shift from Sphagnum bog to shrub tundra 
vegetation (cal BP) 

No Sphagnum ~420 ~550 ~460 ~100–20 

PAR range during the LIA (mm a-1) 0.2–1.4 0.62–0.63 0.3–0.4 0.1–1.0 0.5–0.7 

CAR range during the LIA (g C m-2 a-1) 22.1–112.4 2.5–7.5 12.3–28.3 6.9–36.2 12.5–29.7 
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