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Abstract

Global climate warming has resulted in the circumpolar degradation of  palsa mires. 
While climate is a key driver of  palsa distribution and stability, local factors such as 
vegetation also influence permafrost dynamics. However, studies on the effects of  
vegetation on active layer thickness (ALT) in palsas remain limited. To address the 
logistical constraints of  long-term annual monitoring, we drew on 13 years of  field 
course data on ALT and vegetation height from a palsa mire in northwestern Finland. 
Specifically, we explored: (i) the occurrence of  a temporal thickening trend in ALT, (ii) 
the influence of  vegetation height on ALT, and (iii) the correlation between ALT and 
climate variables. Results revealed a complex relationship between ALT, climate, and 
vegetation height, which was measured at two distinct vegetation types: moss, lichen, 
and dwarf  shrub-dominated low vegetation and shrub-dominated tall vegetation. No 
statistically significant long-term trends in ALT were detected, but a slight deepening 
was observed under both low (0.28 cm a-¹) and tall (0.49 cm a-¹) vegetation. Significant 
correlations (p < 0.05) between ALT and climate variables were found only at tall 
vegetation patches, specifically with snow depth. While not statistically significant, 
ALT showed positive correlations with several snow-related variables and summer air 
temperatures, and negative relationships with snow cover onset, autumn precipitation, 
and winter wind speed. ALT was statistically significantly thicker under low vegetation 
compared to tall vegetation. During thaw season, shrubs may reduce the thickening of  
the active layer by providing shade and increasing evapotranspiration, compared to low 
vegetation patches. These findings highlight the complex interplay between climate, 
vegetation, and ALT in palsas, emphasizing the need for long-term monitoring to better 
understand permafrost degradation patterns and changes in palsa mires.  Recurring 
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Introduction

Climate change alters the environmental conditions globally, but the northern regions are 
facing the most rapid changes, warming over four times faster than the globe in average 
(Rantanen et al. 2022). Permafrost, which is defined as soil or bedrock temperature of  
which remain ≤ 0 °C at least for two consecutive years (Shur et al. 2011), is consequently 
thawing and permafrost-related landforms are degrading (Biskaborn et al. 2019; Payette 
et al. 2004; Wang et al. 2023). Among these landforms are palsas, permafrost cored peat 
mounds that are found in the peatlands of  the discontinuous and sporadic permafrost 
regions (Seppälä 1988; Washburn 1983). As palsas occur in the southern margin of  
the permafrost region, and the temperature of  the permafrost within their cores is 
often close to 0 °C (Sannel 2020), palsas are highly sensitive to the climate warming. 
Studies have observed strong lateral degradation of  palsas, predicted disappearance of  
suitable environments for them, and reported thickening of  the active layer (defined as 
seasonally thawing layer on top of  permafrost; Shur et al. 2011) in a response to the 
climate change across the Northern Hemisphere (e.g. Borge et al. 2017; Fewster et al. 
2022; Leppiniemi et al. 2023; Strand et al. 2021).

In northern Fennoscandia, active layer thickness (ALT) in palsas typically ranges 
between 50–70 cm (Rönkkö & Seppälä 2003; Sannel et al. 2016; Seppälä 2011). Studies 
over recent decades have reported varying trends: some indicate a thickening of  the 
active layer (Åkerman & Johansson 2008; Mamet et al. 2017), while others suggest 
relatively stable or non-significant changes (Sannel et al. 2016; Verdonen et al. 2023). 
Climatic variables such as summer air temperatures, thawing degree days (TDD), 
freezing degree days (FDD), and snow depth have been identified as important drivers 
of  annual variation and long-term changes in ALT in palsas (Åkerman & Johansson 
2008; Johansson et al. 2013; Mamet et al. 2017; Sannel et al. 2016). However, the strength 
of  correlations between these climate factors and ALT is often weak, the relative 
importance of  the factors varies across studies, and in some cases, even conflicting 
results have been reported (Johansson et al. 2013; Sannel et al. 2016; Seppälä 2003; 
Verdonen et al. 2023). These inconsistencies highlight the complexity of  active layer 
dynamics in palsas and underscore the need for further research that considers both 
climatic and non-climatic factors.

Investigating the role of  vegetation can provide deeper insights into active 
layer dynamics in palsas, which are crucial for understanding and predicting future 
developments in ALT and permafrost stability, especially in the context of  climate 
change. Vegetation influences permafrost dynamics by providing insulation, altering 
surface reflectivity (albedo), and accumulating snow, which further insulates the 
ground (Higgins & Garon-Labrecque 2018; Jean & Payette 2014b; Sturm et al. 2001). 
Conversely, permafrost imposes constraints on vegetation by limiting the depth of  
biologically active soil during the growing season, restricting root development, lowering 
soil temperatures, and preventing drainage (Shaver & Cutler 1979).

annual field courses provide an approach with educational benefits for collecting 
scientifically valid ALT observations. 

Keywords: palsa mire, permafrost, active layer thickness, vegetation, climate, field 
course
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Seppälä (2011) hypothesized that ALT is thickest in areas with low vegetation (e.g. 
lichen and moss surfaces) and thinnest in areas with taller vegetation (e.g. Betula nana) 
(see also Rönkkö & Seppälä 2003). This negative correlation between vegetation height 
and ALT may be explained by the shading effect of  shrubs during the thaw season, 
which reduces heat input into the ground (Seppälä 2011). An alternative perspective 
is that taller vegetation may trap more snow during winter, which insulates the ground 
and reduces frost penetration. Furthermore, increased snow accumulation can lead to 
greater meltwater production in spring, resulting in moister peat under shrubs compared 
to areas with low vegetation in summer. As moist peat conducts heat more efficiently 
than dry peat (Kujala et al. 2008), this could lead to thicker ALTs in shrub-dominated 
areas.

These complex interactions between permafrost, ALT, and vegetation affect not 
only local species composition but can also have broader impacts on biodiversity and 
greenhouse gas emissions of  the northern peatlands (Bosiö et al. 2012; Errington et al. 
2024). To better understand the active layer dynamics and their broader implications, 
several field studies have examined how vegetation patterns influence ALT in palsa 
mires. For example, Rönkkö and Seppälä (2003) measured ALT across five vegetation 
types in northeastern Finland, finding the thickest layers under lichen (ca. 59 cm) and 
the thinnest under Betula nana (ca. 51 cm). In northern Quebec, Jean and Payette (2014a) 
observed thinner ALTs and slower thaw rates in black spruce (Picea mariana)-covered 
palsas compared to shrub- and peat-dominated palsas. More recently, Verdonen et al. 
(2025) combined thaw depth measurements with unmanned aerial vehicle -based (UAV) 
high-resolution data to estimate ALT across three palsa mires in northwestern Finland. 
Their results showed that mean thaw depth increased with decreasing vegetation cover. 
In contrast, Mamet et al. (2017) reported the thickest active layers under shrub cover 
but noted greater ALT thickening over time in shrub-free palsas between 1990 and 
2015.

Although recent developments in remote sensing, such as the use of  UAVs, can 
provide us with detailed information on the lateral and vertical degradation of  palsa 
mires (Renette et al. 2024; Verdonen et al. 2025), in-situ measurements of  ALT are still 
needed to understand the active layer dynamics. ALT measurements do not require 
expensive equipment, are simple to conduct, and can successfully be carried out by less 
experienced researchers (e.g. students during a field course). However, long-term field 
monitoring of  ALT in palsas are still limited, and those which consider also the impact 
of  vegetation are even rarer (see Åkerman & Johansson 2008; Jean & Payette 2014a; 
Mamet et al. 2017; Sannel et al. 2016; Verdonen et al. 2023). 

In this study, we investigate the 13-year development of  ALT in a palsa mire, Peera, 
located in northwestern Finland, using data collected during recurring annual field 
courses from 2012 to 2024. During the courses, students measured ALT separately 
for patches with low (< 5 cm) and high (> 30 cm) vegetation to consider the impact 
of  vegetation height on ALT. Based on these field measurements we will answer the 
following research questions:

1.	 Has the ALT changed in Peera mire between 2012–2024?
2.	 Does the vegetation height affect the ALT?
3.	 Are there correlations between ALT and climate factors?
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By answering these research questions, we provide novel insights into the complex 
interplay between different factors affecting ALT in palsa mires. As climate change 
is predicted to alter the vegetation composition of  palsa mires as well (Zuidhoff  & 
Kolstrup 2005; Errington et al. 2024), it is important to study the role of  vegetation 
type to thickening of  the active layer and in permafrost degradation. Understanding 
different factors affecting the degradation of  peatland permafrost is not only crucial 
for local biodiversity and geodiversity of  northern environments, but also due to its 
impacts on global greenhouse gas emissions (Christensen et al. 2004; Luoto et al. 2004; 
Bosiö et al. 2012; Hugelius et al. 2020). 

Materials and methods

Study site

The study site, Peera mire (68° 53′05″ N, 21° 03′08″ E), is located in northwestern 
Finland within the Enontekiö municipality, approximately 20 km south of  Kilpisjärvi 
village, between pond Kauhkavuopio and lake Peerajärvi (Figure 1A). The region's 
climate is characterized by a mean annual air temperature (MAAT) of  −1.4°C, with 
February being the coldest month (−12.3 °C) and July the warmest (11.7 °C), based 
on measurements from 1991 to 2020. The mean annual precipitation (MAP) is 514 
mm, reflecting the relatively dry conditions typical of  northern permafrost peatlands 
(Finnish Meteorological Institute, 2025). Palsas in Peera mire are dome-shaped, and 
in 2012 the total area they covered was approximately 0.9 ha as interpreted from the 
latest orthoimages (Figure 1B–C). Snow conditions in palsa mires are still understudied, 
despite their crucial role in the development and persistence of  palsas (Seppälä 1982, 
2011). In general, the snow cover is thinner on the windswept tops of  palsas, while 
snow accumulates in cracks, thermokarst depressions, and along palsa edges (Störmer et 
al. 2025).  In-situ snow depth measurements from different parts of  three adjacent palsa 
mires indicate that mean snow depths in the region vary between 58–64 cm (Störmer 
et al. 2025).

Vegetation of  the study site resembles that of  Fennoscandian palsa mires, with altering 
patches of  low and tall vegetation. Tall vegetation patches are commonly dominated by 
shrubs such as dwarf  birch (Betula nana) (Figure 1D), while low vegetation patches 
are primarily characterized by mosses (Dicranum sp.), lichens (Cladonia sp.), crowberry 
(Empetrum nigrum), and bare peat (Figure 1E). In addition, species such as cloudberry 
(Rubus chamaemorus), lingonberry (Vaccinium vitis-idaea), bog-rosemary (Andromeda 
polifolia), and common cotton-grass (Eriophorum angustifolium) are common at Peera mire. 
However, they usually fall between the used vegetation height classes (< 5 cm and > 
30 cm).
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Figure 1. Location of Peera mire (68° 53´05˝ N, 21° 03´08˝ E) (A) and an orthoimage of the 
study site from 2012 (B). Landscape and vegetation patterns of Peera mire (C): tall vegetation 
patches are characterized mostly by Betula nana (D), while low vegetation patches are typically 
characterized by mosses (Dicranum sp.), lichens (Cladonia sp.), Empetrum nigrum, and bare peat 
(E). National boundaries in panel A are obtained from geoBoundaries (Runfola et al. 2020), 
water bodies from Corine Land Cover 2018 (European Environment Agency 2019), and road 
from Digiroad (Finnish Transport Infrastructure Agency 2025) databases. The latest orthoimage 
available in panel B is from National Land Survey of Finland. Photos in panels C–E: Oona 
Leppiniemi.

Field course data: ALT and vegetation height

The ALT measurements from the different vegetation types of  Peera mire span over 
13 years (2012–2024). Fieldwork was conducted annually during a field course arranged 
either the last week of  August or the first week of  September (see Box 1). The timing 
of  the field course is suitable for capturing the late-season thaw depth (see Sannel et al. 
2016). ALT was measured using a steel rod (diameter 1 cm), which was pushed through 
the peat until resistance from frozen ground was encountered. All measurements 
were conducted by small groups of  master’s students, with a precision of  1 cm. The 
sampling points were systematically selected from vegetation patches characterized by 
low (< 5 cm) and tall (> 30 cm) vegetation. A more detailed criteria for the sampling 
point selection is provided in Box 1. The dataset consists of  621 ALT-measurements 
from both vegetation types (total n = 1242), with the annual number of  measurements 
ranging from 62 to 156 (see Figure 2).
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Box 1. Measuring active layer thickness in a field course.

Data collection and fieldwork were conducted as part of  the MSc-level course, 
which focuses on the distinctive characteristics of  physical geography in northern 
Fennoscandia. The course aims to integrate theoretical knowledge acquired from 
lectures and literature with field-based observations to enhance understanding 
of  the studied processes. It emphasizes geomorphological and biogeographical 
phenomena in the context of  global change. Key study themes include periglacial 
processes (e.g. cryoturbation and its effects on vegetation), palsa mires (factors 
influencing permafrost and the active layer), the treeline ecotone (factors 
shaping treeline structure), productivity (local-scale factors affecting biomass 
production), and geodiversity (its relationship with biodiversity). Monitoring and 
analyzing factors influencing the ALT is one of  the five data collection exercises 
conducted during the course.

Measuring ALT of  palsas is a relatively straightforward task, making it a 
feasible and pedagogically valuable exercise for a field course. The study of  
ALT provides a compelling framework for theoretical discussions on the 
processes influencing active layer development, while also enabling instruction 
in systematic data collection techniques. In this course, the primary objective 
of  ALT measurements is to test the vegetation height hypothesis proposed 
by Seppälä (2011). Given the intricate relationships between ALT, vegetation 
structure, snow accumulation, and soil moisture, this topic provides an excellent 
opportunity to engage students in critical discussions about the complex and 
sometimes contradictory factors influencing ALT in palsas. It encourages 
students to evaluate evidence both supporting and challenging the vegetation 
height hypothesis, fostering a deeper understanding of  interactions between 
ALT and vegetation.

The complexity of  factors influencing ALT requires a sound measurement 
protocol that can be instructed in the course. In addition to vegetation height and 
type, factors such as (micro)topography, surficial cracks, and edge effects may 
also affect the ALT of  palsas (Rönkkö & Seppälä 2003; Seppälä 2011; Verdonen 
et al. 2023). ALT is generally expected to be thickest on convex (micro)sites and 
palsa summits (Seppälä 2011), near surface cracks, where permafrost is more 
directly exposed to rainwater and atmospheric heat, and along palsa margins, 
where lateral thermal erosion is typically most intense (Beer et al. 2024; Martin 
et al. 2021). 

To control for these confounding factors, sampling was constrained to 
vegetation patches (> 1 m²) dominated by either low (< 5 cm; e.g. mosses, 
lichens, and Empetrum nigrum) or tall (> 30 cm; shrub-dominated) vegetation. 
Within these predefined vegetation types, individual sampling points were then 
randomly selected, provided they met the following criteria (Figure B1): (i) flat 
microtopography (i.e. excluding convex or concave microsites), (ii) exclusion of  
mound summits, (iii) a minimum distance of  1 m from any surficial crack, and 
(iv) a minimum distance of  2 m from the palsa edge. Due to the morphological 
complexity of  palsas and the abundance of  microtopographic features such as 
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cracks and hummocks/hollows, the application of  larger buffer distances was 
not feasible. An equal number of  sampling points from both vegetation types 
were measured. However, no fixed minimum or maximum number of  sampling 
points per vegetation type were required, as number of  the students conducting 
the sampling also varied annually. The exact locations of  the sampling points 
also varied over years and were not recorded.

Figure B1. Active layer thickness was measured from vegetation patches (> 1 m²) 
dominated by either low (< 5 cm) or tall (> 30 cm) vegetation. Fine-scale topography 
and distance to palsa margins and surficial cracks were controlled during the data 
collection. Photos: Jan Hjort.
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Climate data

Climate data for the years 2011–2024 were compiled from the publicly available 
records of  the Finnish Meteorological Institute’s weather station in Kilpisjärvi (Finnish 
Meteorological Institute 2025; Figure 1). The data included mean daily air temperatures, 
total precipitation, snow depths and mean wind speed. These daily measurements were 
used to calculate 20 different climate variables relevant to ALT following the method 
of  Verdonen et al. (2023) to ensure consistency and facilitate the comparison of  results 
between studies. It must be noted that, due to the influence of  local microtopography 
and vegetation on snow accumulation at the study site, especially snow depth data from 
the Kilpisjärvi weather station should be considered an approximation.

The mean daily temperature records were used to calculate the mean air temperatures 
(°C) for each hydrological year (Sept-Aug; MAAT), summer (June-Aug; MSAT), and 
winter (Nov-March; MWAT). In addition, square roots of  thawing and freezing degree 
days (TDD and FDD, respectively; °C-days) were also computed. TDD was calculated 
from the beginning of  each year to the end of  August to account for the annual thawing 
conditions before the ALT measurements, while FDD was calculated for the entire 
hydrological year. To assess the impact of  particularly high and low air temperatures, the 
number of  days with mean temperatures < −10 °C and > 15 °C were counted.

Six variables (in mm) were derived from the daily precipitation records. Total annual 
precipitation was calculated for the hydrological year and to distinguish between 
precipitation types, rainfall and snowfall were calculated separately: precipitation was 
classified as rainfall if  the mean daily temperature was ≥ 0 °C and as snowfall if  it was 
< 0 °C. In addition, seasonal precipitation totals were calculated for the previous spring 
and the previous summer. In addition, seasonal precipitation totals were calculated for 
the previous spring (April-May), summer (June-Aug), and fall (Sept-Oct).

The influence of  snow was considered by calculating six snow-related variables. 
The timing and duration of  snow cover were determined by extracting the day of  the 
year when permanent snow cover was established and when it disappeared, as well as 
calculating the number of  days with snow cover. Additional variables included snow 
depth (in cm) on March 31st each year, the maximum snow depth during the winter, 
and the number of  days with snow depth > 10 cm. Wind records were used to calculate 
the mean winter wind speeds (m/s; Nov-March). A full list of  the climate variables used 
is presented in Table 1.
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Both vegetation types Low vegetation 
(< 5 cm)

Tall vegetation
(> 30 cm)

Variable Rs p Rs p Rs p

MAAT (°C) 0.21 0.482 0.19 0.529 -0.03 0.929

MSAT (°C) 0.37 0.216 0.20 0.505 0.41 0.162

MWAT (°C) -0.31 0.297 -0.23 0.448 -0.40 0.174

√TDD (°C-days) 0.28 0.364 0.17 0.578 0.28 0.325

√|FDD| (°C-days) 0.20 0.505 0.16 0.603 0.33 0.271

N. of days < -10 °C (days) -0.17 0.583 -0.15 0.621 -0.05 0.872

N. of days > 15 °C (days) 0.34 0.255 0.15 0.620 0.47 0.107

Total precipitation (mm) 0.03 0.915 -0.06 0.831 0.04 0.887

Rainfall (mm) -0.04 0.901 0.05 0.859 -0.23 0.459

Snowfall (mm) 0.25 0.415 0.17 0.590 0.29 0.344

Previous spring precipitation (mm) 0.14 0.655 0.14 0.655 -0.06 0.859

Previous summer precipitation (mm) -0.01 0.972 -0.18 0.566 0.24 0.426

Previous autumn precipitation (mm) 0.12 0.694 -0.21 0.499 -0.25 0.415

Snow cover onset (DOY) -0.44 0.128 -0.39 0.186 -0.44 0.128

Snow cover end (DOY) 0.08 0.789 -0.02 0.957 0.19 0.529

Snow cover duration (days) 0.43 0.146 0.37 0.215 0.42 0.158

Snow depth on 31.3. (cm) 0.50 0.082 0.29 0.334 0.67 0.012*

Maximum snow depth (cm) 0.48 0.098 0.32 0.289 0.59 0.033*

N. of days with snow depth > 10 cm (days) 0.24 0.437 0.24 0.426 0.24 0.426

Winter wind speed (m/s) -0.17 0.578 -0.14 0.642 -0.25 0.415

Table 1. Spearman’s correlation coefficients (Rs) and significance of the correlations (p) between 
mean annual active layer thickness (ALT) and different climate variables for low and tall vegetation 
types combined and separately; n = 13). Abbreviated variables are mean annual air temperature 
(MAAT), mean summer air temperature (MSAT), mean winter air temperature (MWAT), thawing 
and freezing degree days (TDD and FDD, respectively). *Correlation statistically significant at 
0.05-level.

Statistical analysis 

All statistical analyses were performed in R (version 4.3.2; R Core Team 2023). Temporal 
trends in ALT between 2012 and 2024 were analyzed using the Mann-Kendall test 
and linear regression for both vegetation types separately and combined. Spearman’s 
correlation (Rs) was computed between ALT and climate variables separately for 
low and tall vegetation patches, as well as for both vegetation types combined. The 
Mann-Whitney U test (Mann & Whitney 1947) was used to determine whether 
statistically significant differences in ALT existed between the two vegetation types. 
This test was conducted for the entire study period (2012–2024) and separately for each 
year to assess annual differences between low and tall vegetation patches. Correlations 
between ALT measurements, vegetation type, and climate variables were examined to 
evaluate the influence of  different climate variables on ALT and its interannual variation.
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Figure 2. Interannual variations in active layer thickness (ALT) from 2012 to 2024, with linear 
regressions and R2 values shown for both vegetation types separately and combined. The solid 
line shows an ALT of 60 cm. Each year includes an equal number of measurements from both 
vegetation types. Total annual sample sizes and p-values indicating the significance of the difference 
between the vegetation types are displayed below each plot. **Difference statistically significant 
at 0.01-level, and *at 0.05-level.

Results

 Temporal trends in ALT

A slight thickening of  the ALT was recorded for both vegetation types: at low vegetation 
patches, the active layer thickness increased by approximately 0.28 cm−a (p = 0.369, R2 = 
0.07), while at tall vegetation patches, a thickening of  0.49 cm−a (p = 0.150; R2 = 0.18) 
was observed. For both vegetation types combined, the thickening of  ALT averaged 
about 0.39 cm−a (p = 0.211, R2 = 0.14) (Figure 2). However, no statistically significant 
trends in ALT were observed over the study period (2012–2024). In 2012 and 2024, the 
mean ALTs were 54.90 and 63.98 cm at low vegetation patches, while at tall vegetation 
patches the mean ALTs were 52.94 and 62.92 cm, respectively (Figure 2).
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Influence of vegetation and climate on ALT

The mean ALT was 62.4±11.4 cm at low vegetation patches and 60.1±12.0 cm at tall 
vegetation patches, indicating a thinner active layer under tall vegetation cover. Across 
the entire study period (2012–2024), ALT was on average 2.22 cm thicker under low 
vegetation compared to tall vegetation (ΔALT = 2.22 cm, 95% CI: 0.91–3.52 cm), 
confirming a statistically significant difference (p < 0.01) between vegetation types, 
although annual variation was observed (Figure 2). When analyzed separately for each 
year, statistically significant differences at the 0.05-level were found only in 2013, 2015, 
and 2016. In 2019 and 2021, the differences were close to significant, with p-values of  
0.06 and 0.07, respectively (Figure 2).

While a slight thickening of  ALT was recorded, no clear climate trends were observed 
during the study period. For example, MAAT decreased by 0.01 °C per year (R2 < 0.01) 
and total annual precipitation by 1.91 mm (R2 = 0.01), while maximum snow depth 
increased by 0.79 cm per year (R2 = 0.02) between 2012 and 2024. Statistically significant 
correlations (p < 0.05) were found only between ALT and snow depth on March 31st 
(p = 0.012) and maximum snow depth (p = 0.033) at tall vegetation patches (Table 1). 
However, when correlations between climate variables and ALT were plotted, positive 
relationships (R² ≥ 0.1) were observed for at least one vegetation type with the following 
variables: snow depth on March 31st, maximum snow depth, snow cover duration, 
number of  days with snow depth > 10 cm, number of  days with mean air temperatures 
> 15 °C, and mean summer air temperature (MSAT) (see Figure 3A, C–E). Meanwhile, 
negative relationships (R² ≥ 0.1) were observed for snow cover onset, previous autumn 
precipitation, and winter wind speed (see Figure 3B, F). In general, R² values were 
higher for the tall vegetation type, except for previous autumn precipitation (Figure 3F). 
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Figure 3. Correlations between active layer thickness (ALT) and selected climate variables for 
low (n = 13) and tall vegetation types (n = 13): snow depth on March 31st (A), snow cover 
onset day (B), snow cover duration (C), number of days with mean air temperature > 15 °C 
(D), mean summer air temperature (MSAT; E), and previous autumn precipitation (F). 
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Discussion

Fluctuations and long-term trends in ALT

13-years of  monitoring revealed significant annual variation in ALT between different 
vegetation patches. However, only slight thickening of  the active layer (0.28 to 0.49 
cm−a) was observed over the whole study period, both for the two vegetation types 
separately and for them combined. The observed rate of  active layer thickening is 
comparable to that observed in a recent study conducted in an adjacent palsa mire, 
where the active layer had thickened by approximately 0.30 cm annually between 
2007 and 2021 (Verdonen et al. 2023). By comparison, a study from northern Sweden 
reported faster thickening of  the ALT in nine mires (with rates between 0.70–1.30 
cm−a) between 1978 and 2006, as well as an accelerating rate (up to 2.00 cm−a) after 
1997. Mamet et al. (2017) also reported faster rates of  active layer thickening (0.82–1.74 
cm−a between 1990–2015) in palsas in the Northwest Territories of  Canada than were 
observed in this study. 

Although thickening of  the active layer is a common response to the climate 
change (Smith et al. 2022), not all studies report increases in the ALT in palsas. For 
example, Sannel et al. (2016) found that the thaw depth remained relatively stable at 
approximately 55–60 cm in a plateau-shaped palsa in northern Sweden from 2006 to 
2013. Furthermore, Verdonen et al. (2023), who reported similar rates compared to this 
study, also found decrease in the ALT (−1.2 cm−a) in central parts of  another palsa mire 
in northwestern Finland. This suggests that the active layer dynamics in palsa mires may 
vary between sites that are relatively close to each other, and even within a single mire, 
possibly due to variations in palsa morphology, microtopography, vegetation and snow 
accumulation (see Beer et al. 2024; Mamet et al. 2017; Olvmo et al. 2020; Störmer et al. 
2025). 

In general, annual variations in ALT above permafrost are mostly affected by air 
temperature and snow cover (Smith et al. 2022). This results in interannual fluctuation 
that can obscure long-term ALT trends. Indeed, annual fluctuations in climate variables 
(incl. MAAT, total annual precipitation, and maximum snow depth) were recorded 
during the study period, but no significant climate trends were found. Thus, the 
relatively weak correlations between climate variables and ALT in palsas observed in 
this study, may suggest that a 13-year monitoring period is insufficient to fully capture 
the complex interactions between ALT and climate. Longer ALT monitoring and 
more accurate climate data from the study site could help to explain ALT variations, 
recognize long-term ALT developments, and associate them with climate trends and 
annual fluctuations. For example, Mamet et al. (2017) and Åkerman and Johansson 
(2008) documented significant active layer thickening at their five study sites after 26 
and 29 years of  monitoring respectively. These findings underscore the importance of  
long-term monitoring and continued field measurements of  the ALT in palsas.

Drivers of ALT: vegetation and climate

ALT and complex impact of the snow cover

Our findings showed a positive correlation between ALT and snow depth in both 
vegetation types. However, the correlations were only significant in tall vegetation 
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patches. This finding suggests that a thick snow cover effectively insulates the soil 
from cooling during the winter (Jean & Payette 2014b; Peng et al. 2024; Sturm et al. 
2001). When soil temperatures decrease less during the winter, less energy is needed 
to thaw the surface layer during the thaw season, which could lead to thicker active 
layers in years with greater snow depths. Greater snowfall also results in more abundant 
meltwater in the springtime, keeping the peat wet longer and can therefore contribute 
to accelerated thawing, permafrost degradation, and thicker active layers in palsas. Our 
results also showed that a later onset of  the snow cover decreased the ALT in both 
vegetation types. A later onset of  snow cover may promote soil cooling due to the lack 
of  insulating snow cover at the beginning of  the freeze season.

Tall vegetation, such as shrubs, is known to effectively trap snow (Sturm et al. 2001), 
and therefore the observed positive correlation between snow depth and ALT at tall 
vegetation patches is sound, as discussed above. However, our results indicated thinner 
active layers in patches with tall vegetation when compared to low vegetation patches, 
and the finding is supported by previous research (Higgins & Garon-Labrecque 2018; 
Jean & Payette 2014a; Rönkkö & Seppälä 2003). In addition, although non-significant, 
the results suggested that a longer duration of  the snow cover, and a greater number of  
days with snow cover over 10 cm increased ALT. These findings can also be explained 
by the insulation provided by the snow. 

While the thick snow cover insulates the soil against cooling during winter, affecting 
the ground temperatures (Johansson et al. 2013; Peng et al. 2024; Sannel 2020; Sannel 
et al. 2016; Seppälä 2011), it can also insulate against soil warming at the beginning of  
the thaw season, before peat saturation. Indeed, ground temperatures appear to be 
more stable in patches with thicker snow cover (associated with taller vegetation), and 
longer zero-curtain period has been noted for wooded palsas in northern Canada (Jean 
& Payette 2014b). Furthermore, the thinner ALT observed in tall vegetation patches 
may be due to increased shading and transpiration compared to patches with lower 
vegetation (Myers-Smith & Hik 2013; Nauta et al. 2015; Ohta et al. 2001).

Comparably to our results, Verdonen et al. (2023) found significant correlations 
between ALT in palsas and snow-related variables (snow depth, number of  days with 
snow depth > 10 cm, and snow cover onset), suggesting that the snow is an important 
factor in ALT in palsa mires. However, in contrast, Sannel et al. (2016) did not find snow 
depth to be a significant factor explaining the ALT in palsas. A couple of  experimental 
studies have artificially increased the snow depth in palsa mires, but also their results 
have been conflicting. Seppälä (2003) observed that the ALT thinned after increasing 
the snow depth in a palsa mire experimentally, while Johansson et al. (2013) found a 
20 % increase in ALT after seven years of  manipulating the snow depth. The complex 
influence of  vegetation and snow cover on ALT in palsas, as well as the contrasting 
findings between different studies, indicate that drawing reliable conclusions about the 
relationship between vegetation height, snow depth, and ALT requires further research. 

Moreover, it should be reiterated that meteorological conditions, particularly snow 
depth, may differ between open palsa mires and the nearest weather stations. This 
discrepancy can partly explain the relatively low correlations found in this study and 
should be considered when interpreting the results. More accurate snow depth data 
from the study sites (see Störmer et al. 2025) could improve our understanding of  the 
impact of  snow cover on ALT in palsas. 
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Influence of air temperatures and rainfall on ALT

Surprisingly, no significant correlations were found between ALT and climate 
variables other than those related to snow, despite previous studies highlighting the 
role of  summer conditions in ALT in palsas (Jean & Payette 2014a; Sannel et al. 2016; 
Verdonen et al. 2023). However, weak positive correlations were discovered for a couple 
of  variables describing the summer air temperature conditions (MSAT and N. of  days 
with > 15 °C), and with previous autumn precipitation. The weaker influence of  the 
summer air temperatures on ALT at low vegetation patches may be partly explained 
by the distinct albedo of  different species (Higgins & Garon-Labrecque 2018). The 
abundance of  light-colored lichens may reduce heat absorption, which could explain 
why low vegetation patches are not as strongly influenced by variations in summer 
air temperatures. However, given the weakness of  the observed correlations, these 
interpretations must be made with caution, and further research is needed. 

Autumn precipitation can affect ALT in palsas by altering the moisture content of  
the peat before freezing occurs. If  the peat is wet when the freezing begins, the soil 
temperature can decrease more quickly due to the thermal properties of  the peat (Kujala 
et al. 2008; Seppälä 2011). Tall vegetation can reduce the soil moisture and thereby 
lower the thermal conductivity of  peat by capturing some of  the precipitation reaching 
the ground, and due to increased transpiration (Ohta et al. 2001; Rönkkö & Seppälä 
2003). Mamet et al. (2017) found that warm-season precipitation was an important 
factor affecting the ALT in sites dominated by lichens, mosses, and low shrubs, which 
aligns with the observed weak pattern recorded in this study. 

In contrast to previous studies using in-situ meteorological data (Jean & Payette 
2014a; Mamet et al. 2017; Sannel et al. 2016), we did not find correlations between air 
temperature conditions in winter and ALT. This discrepancy may be due to the use of  
weather station data, which may not accurately reflect microclimatic conditions at the 
palsa mire. Similar limitations were noted by Verdonen et al. (2023), who also relied on 
weather station-based data. 

Other potential drivers of ALT in palsas

The relatively weak correlations between ALT and climate found in this study 
suggests that there are also other factors beyond climate and vegetation that should be 
considered in future research. Indeed, researchers have suggested various factors that 
can contribute to the active layer dynamics and degradation of  palsas. One such factor 
could be the position of  the mire within the landscape. Mamet et al. (2017) suggested 
that palsas located at lower elevations are more sensitive to climate fluctuations than 
those at higher elevations. They found stronger correlations between ALT and climate 
variables, such as TDD, FDD, and summer precipitation, in palsa mires situated lower 
in the landscape. Therefore, the relatively weak correlations between ALT and climate 
variables found in this study are surprising given that Peera mire is situated low on the 
landscape scale. Further research is needed to better understand the impact of  the 
landscape position on ALT in palsas.

The topography and morphology of  palsas may also influence their sensitivity to 
climate. Studies have found statistically significant differences in ALT between dome- 
and plateau-shaped palsas, with dome-shaped palsas exhibiting thicker active layers 
(Rönkkö & Seppälä 2003; Verdonen et al. 2025). Palsa morphology may influence ALT 
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through its effect on vegetation patterns. For example, Verdonen et al. (2025) found 
that the ALT of  plateau-shaped palsas is more affected by the vegetation than the ALT 
of  dome-shaped palsas. In addition, fragmentation of  palsas, has been suggested to 
contribute to their degradation (Beer et al. 2024; Wang et al. 2023). Fragmentation can 
also affect the ALT through lateral heat fluxes. These findings highlight the complexity 
of  the factors influencing the active layer dynamics in palsas.

Permafrost degradation can alter the hydrology of  palsa mires by forming thermokarst 
ponds and changing the surface and subsurface drainage patterns (Grosse et al. 2013; 
Seemann & Sannel 2024). Since the thermal properties of  peat are affected by its 
saturation (Kujala et al. 2008), the changes in the mire hydrology can also affect the ALT 
in palsas. If  the peat remains saturated for extended periods due to thermokarst pond 
formation or altered drainage, it can promote thickening of  the active layer because wet 
peat conducts heat efficiently. However, the research on the changes in the moisture 
content and hydraulic properties of  peat in degrading palsa mires is limited, and more 
research is needed to better understand their relationship with ALT developments 
(Fewster et al. 2023; Martin et al. 2019, 2021).

ALT monitoring in field courses: opportunities and limitations

Despite advancements in the remote sensing and modelling of  ALT in palsas (e.g. 
Verdonen et al. 2025), identifying long-term temporal trends in ALT and understanding 
the influence of  vegetation still requires ongoing in-situ monitoring of  active layer 
dynamics. Limited research funding and a shortage of  researchers available to conduct 
field measurements can hinder the collection of  long-term field data. Field courses 
can offer a feasible solution for obtaining scientifically relevant ALT measurements 
annually, as demonstrated by this study and by Verdonen et al. (2023). Integrating ALT 
data collection into the field course curriculum ensures continuity in measurements, 
helps to address potential funding limitations, and provides educational benefits for 
students (see Box 1). In addition, involving multiple students in ALT and vegetation 
measurements allows for the collection of  more data within the same timeframe than a 
single researcher could gather.

The field course approach to data collection has certain limitations. For example, the 
timing of  the course should align with the optimal period for ALT measurements to 
ensure that the collected data is scientifically relevant and comparable. This requirement 
may prevent the integration of  ALT data collection into existing courses if  their 
schedules do not coincide with the appropriate measurement window. The optimal time 
to measure ALT in palsas is at the end of  the thaw season. In northern Fennoscandia 
this period usually occurs between mid-September and mid-October (Åkerman & 
Johansson 2008; Seppälä 2011). The data used in this study were collected annually 
either during the last week of  August or the first week of  September. Consequently, the 
measurements may not capture the maximum ALT values but rather reflect late-season 
thaw depth (Sannel et al. 2016). However, consistent timing of  data collection across 
years is more important for detecting trends, because it ensures comparability between 
years. Field courses are usually held at the same time each year, making them ideal for 
long-term data collection. Involving multiple students in data collection introduces the 
risk of  variability in measurement techniques and accuracy. Nevertheless, probing peat 
is a relatively simple method, and with proper teacher supervision and guidance, data 
quality can be maintained. 
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Conclusions

Based on the results of  this study, we conclude that:

•	 Vegetation height influences the ALT dynamics in palsa mires. Thicker active 
layers were observed under low vegetation (< 5 cm) compared to patches with tall 
vegetation (> 30 cm). 

•	 Climate impacts on ALT were more pronounced at tall vegetation patches, where 
snow-related variables and summer air temperatures had a stronger influence 
compared to patches characterized by low vegetation cover. However, only a 
few statistically significant relationships between ALT and climate variables were 
identified, which highlights the complexity of  the ALT dynamics in palsas, but also 
that more accurate climate data from the field is needed.

•	 Annual variation in ALT was observed, but our results indicate that 13-year 
study period may be too short to establish direct connections between ALT 
fluctuations and climate trends. This underscores the need for continued and 
more comprehensive in-situ monitoring of  palsas to fully capture the connections 
between climate, vegetation, and ALT.

•	 Recurring annual field courses can provide a practical approach with educational 
benefits for collecting scientifically relevant long-term data of  the ALT in palsas.
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