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Summary 
Arctic tundra ecosystems are sensitive to direct anthropogenic impacts from trampling. 
On Svalbard, such pressures will likely increase under expansion of the tourism and 
research sectors. The government of Svalbard has the ambition to minimize adverse 
anthropogenic impacts, but there is a need for quantitative data to make informed 
decisions. In this study, we quantify the impacts of human trampling due to research 
activities in three distinct landscape types in Adventdalen and Endalen. Through logging 
of research visits and paired measurements in control vs. trampled plots we quantify 
impacts on permafrost thaw depth, topsoil compaction and thermal insulation, CO2 
exchange and plant community composition, productivity, stature and biomass. Human 
trampling was associated with measurable but often non-significant effects on thaw 
depth, air-soil thermal coupling, and soil subsidence. Overall, loose soils, but also 
either dry soils with thin organic layers or wet soils with thick organic layers were more 
susceptible to human trampling, evident from compaction and reduced topsoil thermal 
insulation. Furthermore, human trampling caused increases in ecosystem respiration in 
some sites but divergent responses of gross primary production, suggesting local 
controls of CO2 exchange dynamics. Vegetation height was significantly lower in 
trampled plots in all locations, and vegetation biomass showed a tendency across 
locations for lower biomass in trampled plots. Species composition was not strongly 
affected, beside a tendency for reductions in mosses, forbs and lichens. Plant 
productivity (NDVI) showed an increase under trampling in a wet tundra meadow site in 
early summer, potentially resulting from trampling of pre-existing standing dead 
vegetation and rapid regrowth of graminoids. We conclude that low trampling levels 
associated with research activities (70 – 150 total passes around the plots over the 
course of several years) lead to noticeable but small and often temporary or 
insignificant environmental changes. The wet lowland tundra meadow showed 
strongest adverse effects. Continued monitoring of ecosystem recovery is advised, as 
well as further experiments with variable trampling intensities. Careful planning and 
responsible outdoor practices, as well as avoiding wet tundra meadows, areas with 
abundant lichens and areas with loose soil structures, can likely mitigate the worst 
trampling damage to the tundra. These results can be used to improve decision-making 
and understanding during recreational and research activities on Svalbard, contributing 
to a more sustainable human presence in this pristine and vulnerable ecosystem. 

 

 

 

 

 



Introduction 
Arctic tundra ecosystems are amongst the most sensitive ecosystems to global 
warming with temperatures rising four times faster than the global average (Box et al., 
2019; Rantanen et al., 2022). Rising air temperatures in turn have led to shifts in soil 
moisture, amplification of the global carbon cycle, and increases in greening and shrub 
growth (Bokhorst et al., 2015; Frost et al., 2025; Myers-Smith et al., 2020; See et al., 
2024; Wilkman et al., 2018; Zona et al., 2023). Because of the large amount of carbon 
stored in permafrost, Arctic tundra systems are not only affected by climate change, but 
can also contribute to long-term increases in atmospheric CO2 (Schuur et al., 2015). 
Beside indirect anthropogenic impacts through warming, permafrost stability, tundra 
carbon balance and Arctic plant communities may also result from direct human 
pressures. Direct impacts are usually associated with human settlements and can 
include chemical pollution from spills or sewage, or land-use changes and mining 
(Kruse et al., 2021; Krzyszowska, 1989; Tomczyk & Ewertowski, 2010). 

On Svalbard, a High Arctic archipelago, present-day direct anthropogenic impacts 
include those from recreational activities and guided tourism, waste and sewage 
production from settlements, and research activities (Tomczyk & Ewertowski, 2010). To 
replace mining as the primary industry, the tourism sector has grown significantly over 
the last decades (Dannevig et al., 2023; Sokolickova et al., 2022). The number of guest 
stays on Svalbard, for instance, has increased from ~92.000 to ~156.000 between 2008 
and 2018 (Visit Svalbard, 2018). Due to the cold climate and short vegetation season, 
ecosystem recovery in Arctic tundra systems is slow and anthropogenic traces can be 
observed for a long time. For instance, vehicle tracks or disturbance sites exhibit 
differences in vegetation composition several decades into ecosystem recovery (Harper 
& Kershaw, 1996; Neby et al., 2022), and changes in soil and vegetation structure 
remain over a century after the abandonment of a mining settlement (Kruse et al., 
2021). However, impacts of tourism and research activities on Svalbard on vegetation 
and soil components are not yet well understood. 

Human trampling represents a physical disturbance of soil and vegetation with some 
similarities to other browning events (Phoenix et al., 2025), typically causing 
compaction of the soil (Gellatly, Whalley, & Gordon, 1986; Tejedo et al., 2012; Tuomi et 
al., 2021) and mechanical damage to aboveground biomass (Monz, 2002; Tuomi et al., 
2021). Only few studies have directly focused on human trampling in general (but see, 
for example, Ayres et al., 2008; Bryan, 1977; Gellatly, Whalley, & Gordon, 1986; Gellatly, 
Whalley, Gordon, et al., 1986), and even fewer have experimentally assessed the 
impacts of human trampling on Arctic systems (Monz, 2002; Tejedo et al., 2012). More 
commonly, trampling is studied within the context of large herbivores, which however 
presents challenges in distinguishing effects of grazing, fertilisation via droppings, and 
mechanical damage from trampling (Petit Bon et al., 2023; Schrama et al., 2013; Tuomi 



et al., 2021, but see Heggenes et al., 2017; Sørensen et al., 2009; Windirsch et al., 
2023). 

Spatial and temporal variability of plant, soil and permafrost processes are linked to 
numerous interacting factors (Best et al., 2023; Cannone et al., 2016; Humlum et al., 
2003; Kade et al., 2024; Lund et al., 2010; Zona et al., 2011), so that impacts of human 
trampling may be spatially variable and affect various ecosystem properties integrally. 
From an ecosystem and carbon cycling perspective, several important properties of 
tundra ecosystems stand out. These include permafrost thaw depth (TD), controlling 
available space for microbial activity and root growth (Frost et al., 2025; Humlum et al., 
2003; Salmon et al., 2016), and thermal insulation of the soil, linked to vegetation cover 
and soil properties (Grünberg et al., 2020; Kade et al., 2006; Klene et al., 2001). CO2 
fluxes in the Arctic can have markable impacts on the global carbon cycle (Euskirchen 
et al., 2017; Schuur et al., 2015), with ecosystem respiration in Arctic tundra (ER) being 
linked to TD (Cannone et al., 2016, 2019; Lund et al., 2010), belowground biomass (Best 
et al., 2023; Newsham et al., 2022), and abiotic factors like temperature and water table 
(Cannone et al., 2019; Lund et al., 2012; Olivas et al., 2010; Wilkman et al., 2018), and 
gross primary production (GPP) being linked to aboveground plant biomass but also 
water and light availability (Euskirchen et al., 2017; Lund et al., 2012; Olivas et al., 2010; 
Street et al., 2007; Williams et al., 2006). Aboveground, plant community composition, 
biomass, productivity and plant stature regulate key abiotic processes such as the 
surface energy balance, greenhouse gas exchange and snow redistribution (Heijmans et 
al., 2022; Oehri et al., 2022). Thus, vegetation, soil and permafrost likely respond to 
trampling in concert.  

Trampling impacts on permafrost properties are likely further modulated by local 
environmental factors. Soil moisture not only increases sensitivity of Arctic tundra to 
other disturbances such as chemical pollution (Krzyszowska, 1989), but can also 
increase the susceptibility to deformation (Bryan, 1977; Klene et al., 2001; Schrama et 
al., 2013). Organic layers at the soil surface can increase soil insulation through 
increased pore space (Karunaratne & Burn, 2004), but both higher susceptibility to 
compaction (Bryan, 1977) and a protection against compression have been described 
for soils with high organic matter content (Tuomi et al., 2021). Plant community 
composition has also been shown to (potentially permanently) change in response to 
human disturbances (Egelkraut et al., 2020; Kruse et al., 2021; Tuomi et al., 2020). 
Specifically, shrubs and graminoids are often reported to be more resistant to declines 
under trampling than other plant groups (Krzyszowska, 1989; Tuomi et al., 2021; Striker 
et al., 2011). Graminoids further have a higher recovery ability compared to mosses and 
lichens shrubs and graminoids (Krzyszowska, 1989; Phoenix et al., 2025; Tuomi et al., 
2021), sometimes resulting in replacement by graminoids (Tuomi et al., 2020). Effects 
on vegetation may amplify effects on soil and permafrost, due to for instance loss of soil 
cohesion and insulative properties (Schuuring et al., 2024). However, vegetation 



responses themselves can also be linked to abiotic conditions like soil moisture 
(Heggenes et al., 2017; Uchida et al., 2002), further adding to the complexity of the 
system. 

Despite widespread acknowledgement of adverse human trampling effects and the 
priorisation of protecting the Arctic tundra on Svalbard by the government (Governor of 
Svalbard, 2024), little data is available for making informed decisions in setting up 
research projects and creating guidelines for recreational activities in the tundra. 
Addressing this knowledge gap, we aim to quantify the sensitivity of Arctic tundra 
ecosystems on Svalbard to human trampling, and local environmental factors 
underlying differences in sensitivity. This was addressed by re-using former research 
sites (Magnússon et al., 2024; Magnússon et al., 2026), where browning was observed 
around the plots where researchers had walked. In a paired set-up, environmental 
variables were compared between trampled and pristine plots in three contrasting 
tundra sites, whilst also measuring local environmental factors. The following research 
questions were addressed: 

• RQ1) How are permafrost properties (TD, air-ground thermal decoupling, soil 
subsidence), CO2 exchange (ER and GPP) and plant communities (functional 
group composition, biomass, height and NDVI) affected by human trampling and 
trampling intensity? 
 

• RQ2) How are the effects of human trampling on permafrost properties 
modulated by baseline conditions in local environmental factors (organic layer 
thickness (OLT), soil moisture, bulk density)? 
 

• RQ3) Does the magnitude of effects differ over the season? 

  



Methods 

Study sites 
The research sites were set in two valleys close to Longyearbyen, Adventdalen and 
Endalen, on the High Arctic Archipelago of Svalbard (Fig.1a, b). In this region, mean 
annual temperatures lie at - 3.64 ◦C and total annual precipitation at 198 mm during the 
period of 1993-2022 (Longyearbyen Airport, Norwegian Meteorological Institute, station 
SN99840). Permafrost thickness on Svalbard is predominantly controlled by 
topoclimatic factors and ranges from 100 to 500 m across different systems (Humlum 
et al., 2003). Thawing of permafrost during snow-free periods is stronger than in other 
Arctic regions, but also highly variable on Svalbard itself, ranging from approximately 
0.5-2m (Best et al., 2023; Cannone et al., 2019; Olivas et al., 2010; Strand et al., 2021). 

To study the impact of human trampling on Arctic tundra dynamics, three contrasting 
sites from a previous research projects were repurposed. These sites were used to 
study irrigation impacts, during which irrigation treatments were applied to circular 
plots and several measurements were taken (Magnússon et al., 2024, 2026). In summer 
2024, at the end of the irrigation experiment, researchers observed visual trampling 
damage where they had walked to apply treatments or take measurements (Fig.1c). The 
pristine plots surrounded by trampled areas thus enabled the setup of this study, which 
compared the pristine and trampled areas of the irrigation experiment (Fig.1d). The 
plots in the irrigation experiment were set up in 2022 and 2023, thus having been visited 
for two or three seasons before studying trampling damage. Trampling intensity during 
the irrigation experiment varied per year, ranging from less than 20 to almost 100 annual 
passes, and the total number of passes across the three seasons ranges from 73 to 146.  

The three sites that were repurposed to study trampling corresponded to sites 1, 2, and 
4 of Magnússon et al. (2026)  (Fig.1c). Site 1 in Adventdalen (henceforth Site 1, Loess 
Terrace) consisted of predominantly flat terrain with mineral soil, mostly absent organic 
layer, and sparse vegetation cover dominated by Salix polaris and Polytrichum sp. Site 2 
in Adventdalen (henceforth Site 2, Polygonal Tundra) consisted of small-scale gradients 
across the tundra polygons with an organic layer gradually transitioning to a finer 
mineral sediment, and denser vegetation cover with by graminoids, S. polaris, and 
forbs. Site 4 in Endalen (henceforth Site 4, North-facing Slope) covered an elevation 
gradient across a slope with an angle of 9◦, with an organic layer covering a rocky to fine 
mineral sediment and pronounced moss carpets and locally heterogeneous species 
composition. A detailed description of the topography, soil type, and vegetation 
structure is given in Magnússon et al. (2024). 



Plot selection 
From each of the three sites, ten plots from Magnússon et al. (2026) were selected to 
cover a range of visible trampling damage and the spatial gradient of each site. All 
irrigation treatments from the previous experiment were included in the plot selection, 
but were not expected to have impacts beyond the experimental timeframe of the 
irrigation study (Magnússon et al., 2024, 2026). A preliminary selection of plots was 
made based on interpretation of centimetre resolution of RGB drone imagery from July 
2024 (Leopold & Magnússon, 2024). The selection was adjusted and confirmed based 
on on-site assessments of visible trampling damage in May 2025 (Fig.1c). The plot 
selection procedure was for each site to select an even distribution of relative damaged 
and undamaged sites (within the ranges observed at that specific site), a balanced 
selection of lower and higher trampling intensity and to exclude plots with obvious 
confounding effects (e.g. browsing damage or recent snowmobile tracks). 

 

Figure 1: Research sites and study design. a) The study was set close to Longyearbyen, Svalbard. b) 
Location of the three study sites repurposed from the irrigation experiment, site numbering follows 
Magnusson et al. (2026). c) Visual damage around circular plot from previous irrigation experiment, as 
seen in May 2025. The green circle indicates the boundary of the previous plot, surrounded by the 
trampled area. d) A paired setup was used, where one plot pair of two 30 x 30 cm plots were set up in the 
trampled and pristine area per circular plot of the irrigation experiment. Trampled plots were selected to 
represent average visual damage per plot pair, and pristine plots were placed adjacent to the trampled 
plots. Ten plot pairs were set up in each of the three sites. e) Thaw depth and soil moisture were measured 
in three points per plot, OLT and bulk density were measured in the top and bottom left quadrants of each 
plot, respectively, iButtons were placed on the left edge of each plot. The dashed circle indicates the 
placement of the chamber for carbon flux measurements, for which a PPFD sensor was placed inside the 
chamber. 

To study trampling impacts, the previous plots from Magnússon et al. (2026) were 
considered pristine areas, whilst the adjacent area around the previous plots was 
considered trampled. A paired set-up was created to combine a trampled and pristine 
plot each, with the pristine plot inside the pristine area and the trampled plot adjacent 



to and outside the pristine area. For this, a 30x30 cm plot was selected in the trampled 
area 20 cm outwards from the pristine area based on a visual assessment of 
representative trampling damage to vegetation and soil (vegetation height or browning, 
bare patches, soil subsidence). The size of the plots was decided based on the extent of 
the trampled area. Following this, a pristine plot of 30x30 cm was set adjacent to the 
trampled plot, 10 cm inwards from the edge of the pristine edge. The position of the 
pristine plot was adjusted if necessary to avoid obvious dissimilarities that were unlikely 
to stem from human trampling (e.g., grubbing). A set up of the paired plots and 
measurement points is shown in Fig.1d, e. From this point, “plot pair” refers to the 
combination of a trampled and pristine plot from one previous irrigation plot in 
Magnússon et al. (2026),  whilst “plot” refers to an individual 30x30 cm trampled or 
pristine plot. This resulted in a total of 60 plots and 30 plot pairs, with 20 plots and 10 
plot pairs per site. 

Trampling intensity 
To assess the impact of different levels of trampling, trampling intensity per plot was 
reconstructed from field logs of Magnússon et al. (2026) based on the type and 
frequency of treatments and measurements during the irrigation experiment. Logs of 
fieldwork activities were used to determine which activities were carried out in each 
summer season, and using our own knowledge of the amount of personnel and passes 
around the plot required to conduct each activity, we calculated the annual number of 
passes per plot. As trampling was expected to have a cumulative effect, we used the 
total number of passes over the course of the irrigation experiment (2022-2024). The 
number of passes was considered the number of times walked around the irrigation 
experiment plot. Trampling intensity during the irrigation experiment varied per year, 
ranging from less than 20 to almost 100 annual passes, and the total number of passes 
across the three seasons ranged from 73 to 146. 



Permafrost properties 

Seasonal monitoring 

To monitor the date of snowmelt, percentual snow cover of the circular plot from the 
irrigation experiment was assessed visually every three days until all plots were snow-
free. A plot pair was considered snow-free on the day where no snow cover was 
recorded. 

Thaw depth and soil moisture were measured weekly from mid-May until the end of July 
2025, and every other week in August, in three points per plot. Thaw depth was 
measured using manual probing with a 1cm diameter metal rod with a blunt tip, giving a 
measurement accuracy of approximately 1 cm (Streletskiy et al., 2022). Points were re-
used for consecutive measurements. On the north-facing slopes, thaw depth records 
were taken until measurements were no longer possible due to the rocky substrate. 
Volumetric soil moisture content of the top 5 cm of soil was measured using a handheld 
Thetaprobe ML2x moisture sensor (accuracy 1 %) coupled to a HH2 moisture meter (all 
Delta-T Devices, Burwell, UK). The Thetaprobe was used in the mineral-soil factory-
calibrated setting. 

Topsoil temperature was recorded for the entire vegetation season using iButton 
DS1921G-F5# temperature loggers. The loggers were placed in silicone capsules at a 
depth of 5 cm and at the soil surface on the edge of the plots and set to record 
temperature every 60 minutes at 0.5 ºC resolution (accuracy 1 %, Maxim Integrated 
Products, Sunnyvale, California, USA). Loggers at the soils surface were also wrapped in 
yellow-green tape to ensure a similar colouration and albedo compared to the 
surrounding vegetation. 

Physical properties 

For bulk density measurements, 100 cc soil samples were taken by inserting a 5 cm soil 
ring into the ground, excluding the living moss and undecomposed litter layers. Samples 
were transferred into airtight bags for transport. Wet weight of the total samples and a 5 
g subsample was recorded, before subsamples were dried for 22 hours at 105º C. Dry 
weights 

13 

of subsamples were used to calculate dry weight of the total samples. Soil samples 
were collected at the end of the vegetation season in late August. 

OLT was measured by visual and tactile assessment in an incision in the ground at the 
end of the vegetation season in August. The organic layer here was defined to include 
the layers of the soil consisting of organic matter and brown parts of the moss layer, 
thus excluding mineral horizons, the litter layer, or living moss layers. 



Soil subsidence was measured using a Real-Time-Kinematic GNSS device (Hiper HR, 
TopCon Positioning Systems) in a two-station setup (accuracy relative to static base 
station < 0.5 cm). Elevation above mean sea level was measured in the centre of each 
plot. To account for the elevation gradient of the north-facing slope in Endalen, four 
points in the trampled area were measured in addition to the trampled plot. The 
measurement with the smallest difference in latitude was considered to be most 
comparable to the pristine plot regarding slope orientation and elevation, and was 
compared to the pristine plot in subsequent analyses. 

CO2 exchange 

CO2 fluxes were measured using a closed chamber system consisting of a LI-COR 7810 
Optical Feedback - Cavity Enhanced Spectroscopy analyser (LI-7810 CH4/CO2/H2O 
Trace Gas Analyzer, LI-COR Inc., Lincoln, Nebraska, USA) connected to a cylindrical 
plexiglass chamber (diameter and height 19 cm). To avoid vegetation and soil 
disturbance whilst measuring fluxes, a plastic skirt was attached to the chamber which 
was weighed down with heavy chains to seal off the chamber. CO2 exchange was 
measured three times, during the early (23.-29. June 2025), peak (21.-28. July 2025), 
and late (18.-23. August 2025) vegetation season. Due to system malfunction, the data 
records from the late season measurement are incomplete and only the early and peak 
season measurements were included in statistical analysis. Fluxes were measured for 
approximately three minutes, with CO2 concentrations being recorded every second. 
Between each measurement, the chamber was flushed for approximately one minute to 
allow internal conditions to return to ambient. 

To generate light response curves (LRCs), multiple flux measurements were taken per 
plots at various light intensities. Fluxes were measured without shading for maximum 
light intensity and using plastic covers that attenuated approximately 25 and 75 % of 
incoming light. A measurement with full darkness was taken to record ecosystem 
respiration. Each plot pair was measured together, starting with the unshaded flux 
measurements in each plot of the plot pair, followed by the first and second level of 
shading, followed by the measurement in full darkness. 

Photosynthetic photon flux density (PPFD) inside and outside the chamber, as well as 
air and soil temperature at 5 cm depth were recorded in parallel to CO2 fluxes using SQ-
521 Full-spectrum Quantum Sensors (Apogee Instruments, Inc.) and 107 Temperature 
Probes (Campbell Scientific Ltd.) connected to a CR310 logger (Campbell Scientific 
Ltd.). PPFD and temperature were recorded during the entire flux measurement every 
two seconds. Soil moisture was measured using a theta probe as outlined above after 
the last flux measurement. 

Vegetation Monitoring 



Several of the measurements for this experiment were done using the Point Intercept 
method, following the guidelines of Caratti (2006). The Point Intercept method is a 
relatively objective way of making measurements, as no user estimates need to be 
made, and sampling points are regularly spaced and defined by a grid frame. Point 
Intercept works particularly well on low vegetation types, such as the tundra vegetation 
found on Svalbard. In this study we used a square 25x25 cm grid frame with 7x7 
intersecting wires, resulting in 49 equally spaced sampling points. At each intersection 
a sampling needle is lowered into the vegetation and every time this needle hits a plant 
part a measurement can be made (i.e. plant species). A second layer of string ensures 
the needle is at a perpendicular angle when taking height measurements.  

Vegetation composition  
Vegetation composition was measured once during the field season using Point 
Intercept with the full 7x7 frame for each trampled and untrampled plot in a plot pair (49 
nodes), using a >1mm sampling needle. The measurements were done from the end of 
July to the start of August, as conditions for identifying plants are best during this time of 
the year. Identification was done based on a list of species found previously in these 
plots in the T-REX study (Magnússon et al., 2026). If necessary, unknown plants were 
identified with the Svalbardflora online database (Elven et al., 2020). If a species could 
not be identified in the field, a small sample was taken for identification at UNIS. Forbs, 
graminoids and shrubs were identified to species level. Mosses and lichens were 
identified to family or genus level. Considering not every species occurred in every site, 
and some species were rare, species were later grouped into functional groupings to aid 
statistical evaluation. Two levels of grouping were made: simple functional grouping 
(graminoids, shrubs, forbs, horsetails, mosses, lichens) and detailed functional 
grouping (grasses, rushes, sedges, deciduous shrubs, evergreen shrubs, forbs, 
horsetails, Hypnales, Polytrichales, Bryales, Dicranales, Aulacomniales, leafy 
liverworts, lichens and cryptogamic crust). A table further detailing these groupings can 
be found in Appendix 1, Tab.S1. 

Vegetation height & moss thickness  
Vegetation height and moss thickness were also measured using Point Intercept over 3 
rounds throughout the season, representing early season, peak season and late season 
growth (week of June 16th, July 14th and August 11th respectively). We used a 4mm 
diameter sampling needle for these measurements. During the first round, 16 
preselected nodes of the grid frame were be used for measurements. After this round 
though, it was clear the workload was too high to realistically complete in the future two 
rounds. This was likely due to the 4mm measurement needle being too wide and 
causing too many hits. Ultimately we decided to downscale the amount of nodes from 
16 to 12, and keep the measuring needle consistent with the first round. The final 
analysis was done at the level of plot average height. 



The measuring needle was equipped with a ruler. Every time a plant was hit, the 
distance between that plant and the top frame wire was measured. The functional 
group (forb, graminoid, shrub, moss, lichen, horsetail), plant part (leaf, stem, 
reproductive organ) and plant ‘type’ (living, litter, standing dead) was recorded alongside 
the height measurement. Finally, the distance between the ground and the top wire of 
the frame was recorded to obtain plant height for each hit. In mossy plots, the ground 
level was defined as the point where moss turned from green/yellow to brown. For litter 
hits only the first occurrence on each node was recorded, to serve as a measurement of 
litter layer thickness. 

Plant biomass 
At the end of the season, plant biomass samples were taken from each plot. A circular 
~113cm2 patch was harvested from the top right corner of the plots. If the top right 
patch of the plot was not representative (i.e. destroyed by wildlife), a sample was taken 
as close as possible to the original position. To ensure samples were the same size, a 
12cm diameter plastic ring was used during the sampling. Using a small knife, a patch 
of soil was cut out from the ground, letting the plastic ring guide the blade in a circle. 
After the circle was marked out, a larger Japanese soil knife was used to harvest the disk 
of soil and attached vegetation. To minimise damage to the tundra, the disks were cut 
off as closely as possible to the top of the organic layer. The samples (60 in total) were 
then taken to UNIS for further processing.  

At the UNIS laboratory aboveground vegetation was removed from the soil. First as 
much litter was removed from the sample as possible. Then, standing dead biomass 
was carefully removed and saved in small wage envelopes using tweezers and small 
scissors. Finally, all living aboveground biomass was harvested with larger scissors and 
saved in small wage envelopes. The vegetation samples were brought to the WUR lab 
and there the living biomass was sorted out in functional groups (graminoid, forb, shrub, 
moss, horsetails, lichens). Each sorted sample was then dried for at least 48 hours at 70 
degrees and finally weighed on a 0.0001 decimal scale. 

Plant productivity (NDVI) 
The Normalized Difference Vegetation Index (NDVI) was measured (bi-)weekly over 
summer using the Skye SpectroSense 2. The measurements were the average NDVI 
over a circular area of 2320cm2 diameter, centred at the centre of the plots. This is 
significantly larger than the area of the plots (30cm*30cm = 900cm2) but this was the 
smallest setting possible with the equipment. This was deemed acceptable, as the 
plots had a trampled/untrampled buffer area around them. The Skye SpectroSense 2 is 
equipped with up- and downwards facing sensors, which allows the device to correct 
for fluctuating weather conditions by simultaneously recording solar radiation as well as 
red/near-infrared (NIR) radiation reflected via the ground. NDVI, which is the difference 
between the NIR and red wavelengths (780nm-900nm & 650nm-690nm respectively) 



divided by the sum of both, has been shown to be a reliable proxy for plant productivity 
(photosynthetically active biomass) in tundra ecosystems (Gamon et al., 2013; Santin-
Janin et al., 2009). Finally, the data was averaged together in 3 groups, corresponding to 
early season, peak season and late season (measurements from June, July & August, 
respectively). This helped eliminate inconsistencies between locations due to i.e. 
snowmelt timing.  

 

Data Analysis 

Permafrost properties 
Data preparation 

To quantify soil thermal regime, thawing n-factors were calculated based on the topsoil 
and surface temperatures by dividing the sum of positive daily averages of the topsoil by 
the sum of positive daily averages at the surface (Klene et al., 2001). To model 
responses to trampling between the plots of a plot pair, TD, n-factors, and elevation 
were expressed as differences between the pristine and trampled plot. This approach 
allowed a direct assessment of trampling responses within each plot pair whilst also 
controlling for spatial baseline variability. A negative difference in TD corresponds to a 
thicker thaw depth in the trampled plot, a negative difference in thawing n-factors 
corresponds to increased air-ground thermal coupling and thus less insulation of the 
trampled plot, and a positive difference in elevation corresponds to subsided soil in the 
trampled plot.  
 



Statistical modelling 

Linear models (LMs) were used to evaluate the effects of trampling and trampling 
intensity, as well as the effects of local environmental factors on air-ground thermal 
coupling and soil subsidence. For this, both air-ground thermal coupling and elevation 
differences were modelled against site and an interaction between trampling intensity 
and OLT, bulk density, and soil moisture (Tab.S1). For modelling TD, a linear mixed 
model (LMM) was fitted that included snowmelt date and measurement week in 
addition to the fixed effects listed above, as well as a random effect intercept for plot 
pair nested in site to account for repeated measurements (Tab.S1). Site was included as 
a fixed effect rather than a random effect as the three sites were chosen to study 
responses to trampling in contrasting environmental conditions instead of generalising 
to other sites. For local environmental factors, conditions in the pristine plots were used 
as predictors in the model to assess how baseline conditions of OLT, bulk density, or 
soil moisture are linked to trampling responses. Interactions between trampling 
intensity and local environmental conditions were included to investigate whether 
responses to trampling intensity could be linked to underlying baseline conditions of 
OLT, soil moisture, or bulk density. For each full model, backwards selection of fixed 
effects was performed based on AIC and using F-tests with Kenward-Roger 
approximation of degrees of freedom for LMs and the LMM, respectively. For each 
model, site was specified to be retained in the model during backwards selection. The 
most parsimonious models resulting from backwards selection are shown in Tab.S1 and 
were used in downstream analysis. EMMs were obtained for each site for air-ground 
thermal coupling and soil subsidence, and for each site and week combination for TD, 
whilst keeping other covariates at mean values. Significance of EMMs was assessed 
using multivariate-t correction for multiple testing procedures. For continuous fixed 
effects of parsimonious models, Wald t-tests with Satterthwaite approximation were 
applied.  

CO2 exchange 
Calculating flux rates 
For each measurement, start and end times were corrected to exclude obvious 
anomalies, if necessary. If curves could not be reliably assessed, the flux was checked 
for changes in PPFD (for example, due to cloud movements) and the timeframe 
adjusted accordingly to the section with homogenous PPFD. 

To obtain changes in CO2 over time, CO2 was modelled as an exponential approach to 
a steady state using the following equation: 

𝐶𝐶(𝑡𝑡) =  𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 − (𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎) ∗  𝑒𝑒−𝑘𝑘∗𝑡𝑡 

(Eq.1) 



Where 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 is maximum (equilibrium) concentration of CO2 in ppm, 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎  is the initial 
concentration of CO2 in ppm at 𝑡𝑡 = 0, 𝑘𝑘 is the rate constant, and 𝑡𝑡 is time in seconds. If 
the exponential curve could not be fitted, a linear model was fitted instead: 

 

𝐶𝐶(𝑡𝑡) = 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐹𝐹0 ∗ 𝑡𝑡 

(Eq.2) 

Where 𝐹𝐹0is the rate of change in ppm s-1. Rates of CO2 concentration change were then 
obtained by extracting 𝑘𝑘 and 𝐹𝐹0 from exponential and linear models, respectively. 

Flux rates were calculated based on the following formula: 

𝐹𝐹𝐶𝐶𝐶𝐶2 =  
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

∗
𝑃𝑃 ∗ 𝑉𝑉 ∗ 100
𝑇𝑇 ∗ 𝐴𝐴 ∗ 𝑅𝑅

 

(Eq.3) 

Where 𝐹𝐹𝐶𝐶𝐶𝐶2 is the net flux in µmol CO2 m-1 s-1, 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is the change in CO2 over time in ppm 

s-1, P is the atmospheric pressure, V is the volume of the chamber in m3, T is the average 
air temperature inside the chamber during the measurement in Kelvin, A is the area of 
the chamber in m2, and R is the ideal gas constant. Following this, GPP was calculated 
as the difference between NEE and ER. 

Fitting light response curves 
To model the response of GPP to increasing light intensity, LRCs were fitted by 
modelling GPP against PPFD based on the following equation: 

𝐺𝐺𝐺𝐺𝐺𝐺 =  
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝐼𝐼
𝑘𝑘 + 𝐼𝐼

 

(Eq.4) 

Where 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 is the rate of CO2 uptake at light saturation in µmol CO2 m-1 s-1, whilst 𝐼𝐼 and 
𝑘𝑘 are irradiance and half-saturation constant in µmol PAR m-1 s-1, respectively. 𝐼𝐼 was 
calculated by averaging PPFD over the duration of the flux measurement. If non-linear 
LRCs failed to fit or a linear model gave a better fit based on AIC (∆𝐴𝐴𝐴𝐴𝐴𝐴 > 2), a linear 
curve was used to fit the LRC. 



To enable comparisons between plots whilst accounting for the changes in GPP under 
different light conditions, LRCs were used to predict GPP at 300 μmol m-1 s-1 PPFD 
(GPP300). If GPP300 could not be interpolated because field conditions did not allow 
for measurements at sufficiently high PPFD, plots were excluded. This level of PPFD was 
chosen to balance comparing GPP at a high PPFD and avoiding the exclusion of plots 
(Fig.S1, Tab.S3, Text S1). To assess whether the level of PPFD would have an impact on 
results, the same analysis was conducted for GPP at 400 μmol m-1 s-1 PPFD (GPP400) 
but did not lead to diverging conclusions to analysis of GPP300 (Fig.S2, Tab.S4-5). 
Analysis of net ecosystem exchange (NEE) is outlined in Text S2.  

Statistical modelling 

In contrast to permafrost properties, CO2 fluxes were modelled using a simplified 
approach with a comparison between trampled and pristine plots instead of assessing 
impacts of trampling intensity. Generalised linear mixed models (GLMMs) with gamma 
distribution and log-link were used to evaluate the effects of trampling and season on 
GPP300 and ER. Both GPP300 and ER were fitted against a trampling x site interaction 
and season as fixed effects, and a nested random effect intercept with plot pair nested 
in site. The interaction term was included to assess whether trampling responses 
differed between sites. These models were compared to models that also included a 
trampling x season interaction, however, the interaction term did not improve model fit 
and was thus omitted (Tab.S6-7). An overview of fitted models is shown in Tab.S2. EMMs 
were obtained for each GPP300 and ER whilst controlling for site and season effects. 
Pairwise contrasts were conducted using Wald t-tests using FDR correction for p-
values. A separate EMM analysis based on the same GLMs was conducted to assess 
the overall effect of seasonality. For this, EMMs were obtained for each season, and 
followed by pairwise contrasts as outlined above.  

Vegetation Analysis 

Mixed-Effect Models 
Overall effects of trampling and soil moisture on mean vegetation height, mean 
biomass, and NDVI and more were tested in linear mixed-effects models using the lme4 
package (Bates et al., 2015), with plot nested within location and (if applicable) season 
(= early, peak or late season) as random intercepts. By controlling for variation at plot 
level a true trampling effect can be identified using only plot pair level differences. This 
was necessary as some plot pairs within one location still showed considerable 
variation in species composition and soil moisture. Soil moisture was included in the 
models as a covariate because soil moisture and trampling have been shown to be 
related in previous research (Tuomi et al., 2020). The following models were 
constructed: 

1: total biomass ~ trampled * location * soil moisture + (1 | plot:location) 



2: log(mean vegetation height) ~ trampled * location * soil moisture + (1 | plot:location) +            
(1 | Season) 

3: scale(mean NDVI) ~ trampled * location * scale(soil moisture) + (1 | plot:location) +                
(1 | Season) 

The logarithm was taken of mean plant height in the second model to resolve non-linear 
model residuals. Mean NDVI and mean soil moisture were scaled in the third model to 
improve the model output. With a backwards selection the final models were selected 
and reviewed using pairwise means comparisons as a post hoc test. This was done with 
the emmeans package, using “adjust = ‘mvt’” as p-value correction (Lenth & 
Piaskowski, 2017). Model residuals were evaluated using visual comparisons of QQ-
plot and QQ-line graphs. 

Trampling intensity was tested using an estimated amount of passes around the plots 
during the T-REX experiment (Magnússon, pers. obs.). The amount of passes ranged 
from 73 to 146, with an average number of passes of 111. For each plot the difference of 
trampled-untrampled for mean NDVI, mean vegetation height, mean aboveground 
biomass and mean soil moisture was calculated, combined with the step count per 
plot, and then modelled using a linear mixed model with location as random intercept. 
Similarly to before, the soil moisture difference was included as a covariate as the 
response difference could be correlated to the difference in soil moisture, rather than 
the number of passes around the plot (Tuomi et al., 2020). The following models were 
constructed before backwards selection: 

1: biomass diff. ~ total passes * soil moisture diff. * location + (1 | location) 

2: vegetation height diff. ~ total passes * soil moisture diff. * location + (1 | location) 

3: NDVI diff. ~ total passes * soil moisture diff * location + (1 | location) 

 

PERMANOVA-SIMPER analysis 
Bray-Curtis dissimilarities were calculated on vegetation heights, vegetation community 
composition and biomass data. All datasets were grouped by functional groups, but 
additionally for vegetation community composition the analysis was ran with individual 
species as recorded in the field, and a more comprehensive functional grouping 
(Appendix 1). The following formulas were used to perform PERMANOVA analyses: 

1: biomass ~ location + trampled 

2: vegetation heights ~ location + trampled 

3: species composition ~ location + trampled 

      (3x for each functional grouping) 



The permutation scheme used for the PERMANOVA was blocked by plots and ran 999 
times. As each plot has a unique ID, this also accounts for location confounding effects. 
This study uses a balanced design, and we therefore still performed the PERMANOVA 
even with heterogeneous dispersions, though with more caution when interpreting the 
outcomes (heterogeneous dispersions occurred once with the biomass dataset). As 
post-hoc test, SIMPER analysis was performed to find which functional groups 
contribute most to the differences between trampled and untrampled plots. SIMPER 
used the same permutation scheme as PERMANOVA and Bray-Curtis distance. Finally, 
for visualisation, non-metric multidimensional scaling (NMDS) was applied to the 
datasets. 

Software 
All analyses were conducted in R (versions 4.4.1 & 4.5.1; R Core Team, 2024, 2025) 
using tidyverse and ggplot2 for data wrangling and visualisation (Wickham et al., 2019). 
Exponential saturation curves were fitted using nonlinear least squares with the Gauss-
Newton algorithm as implemented by the nls() function in R. LRCs were fitted using 
nonlinear least squares with the Levenberg-Marquardt algorithm with the nlsLM() 
function of the minpack.lm package version 1.2-4 (Elzhov et al., 2022). LMMs and 
GLMMs were fitted using the lmer()and glmer() functions of the lme4 package, 
respectively (Bates et al., 2015). Backwards selection was performed using the step() 
function of base R for LMs, and the step() function of lmerTest (Kuznetsova et al., 2017) 
for LMMs. EMMs were obtained and statistically analysed using the emmeans package 
(Lenth & Piaskowski, 2017). Model assumptions were checked visually using diagnostic 
plots, and the DHARMa package was used to assess random effect structures (Hartig, 
2024). PERMANOVA, SIMPER and NMDS were implemented using the adonis2(, 
simper() and metaMDS() functions from the vegan package (Oksanen et al., 2024) and 
visualised in ggplot2.  

Results 

Site characterisation 

 



Figure 2: Baseline conditions of a) organic layer thickness, b) bulk density of the topsoil, c) soil moisture 
averaged across the vegetation season for the three research sites. Values shown in this figure represent 
conditions in the pristine plots used as baseline conditions for local environmental variables. Seasonal 
progression of soil moisture, as well as a comparison of local environmental variables in trampled and 
pristine plots are shown in Fig.S3. 

Local environmental factors showed distinct patterns between the study sites (Fig.2). 
The organic layer was commonly absent in the loess terrace and showed a maximum 
thickness of 1.4 cm, whilst in the polygonal tundra and north facing slope OLT ranged 
from 1.6 to 4.8 cm and 2.2 to 7.9 cm, respectively (Fig.2a). Bulk density was highest in 
the loess terrace, ranging from 60.8 to 113 g dry weight/100 cc, lowest in the polygonal 
tundra, ranging from 23.0 to 62.0 dry weight/100cc, and variable on the north-facing 
slope with dry weights between 14.4.and 80.2 g/100 cc (Fig.2b). Averaged across the 
vegetation season, volumetric soil moisture was highest and most variable on the 
north-facing slope, with mean values ranging from 27 to 100 %, lowest in the loess 
terrace, ranging from 18 to 30 %, and at intermediate values in the polygonal tundra with 
values between 17 and 53 % (Fig.2c). Volumetric soil moisture was highest in all sites in 
the first three to five weeks caused by meltwater after the snowmelt (seasonal 
progression of soil moisture in Fig.S4c). During the later weeks, soil moisture was 
between approximately 20-30% in the Loess terrace with low variation within the site. In 
the polygonal tundra, soil moisture remained variable within the site but decreased to 
below 50% for most plots towards the end of the vegetation season. On the north-facing 
slope, melting snowfields determine hydrological surface dynamics which could cause 
short-term inundations of some plots throughout the season (Fig.S4c). Visual 
inspection showed lower OLT, higher bulk density, and higher soil moisture in trampled 
compared to pristine plots (Fig.S2) 

Permafrost responses to human trampling 

Thaw depth 
Backward model selection of fixed effects of thaw depth resulted in a parsimonious 
model with measurement week, soil moisture, and an interaction between OLT and 
trampling intensity as predictors (Tab.1). A negative difference in TD corresponds to 
deeper thaw in the trampled plot (difference = pristine - trampled). Wetter soils were 
associated with deeper thaw in trampled plots (slope = -0.025 cm ± 0.011 SE, Fig.S4, 
Tab.S11). The effects of trampling intensity depended on OLT, where plots with thicker 
organic layer showed deeper thaw than plots with a thin organic layers at the same 
trampling intensities (slope = -0.025 cm ± 0.012 SE, Fig.S4, Tab.S11). However, 
differences in TD for each week and site were not significantly different from zero for any 
site or measurement week except for week 7 in the loess terrace (Fig.3, Tab.S8).  



 

Figure 3: Seasonal changes of TD in trampled and pristine plots across three sites from May 29th 2025 
(week 1) until August 23rd 2025 (week 13). Differences in trampled and pristine plots were not significant 
for all but one site and week combination (Tab.S8). Each dot represents the mean TD of three 
measurements of one plot. 

Air-ground thermal coupling 
Backward model selection of air-ground thermal coupling resulted in a parsimonious 
model with an interaction between bulk density and trampling intensity (Tab.1). A higher 
thawing n-factor in the trampled plot and thus a negative difference in thawing n-factors 
corresponds to decreased thermal insulation of the trampled plot (difference = pristine 
- trampled). Generally, the effects of trampling depended on bulk density, with looser 
soils showing a stronger decrease in differences of thawing n-factors than dense soils at 
the same trampling intensities (slope = -0.000056 ± 0.000034 SE, Fig.S5, Tab.S12). 
Thawing n-factors were lower in trampled plots in 88% of plot pairs, and on average 
lower than pristine plots in all sites, but this difference was not significant in any site 
(Fig.4, Tab.S9). 

 



Figure 4: Response of air-ground thermal coupling to human trampling across three sites. Plots visualise 
raw data, EMMs are from modelling differences in n-factors. Dots represent individual plots, grey lines 
connect plots within a plot pair. 

Soil subsidence 
Backward model selection of soil subsidence resulted in a parsimonious model with 
soil moisture, OLT, and an interaction between bulk density and trampling intensity 
(Tab.1). Lower elevation in the trampled plot and thus a positive difference in elevation 
corresponds to subsided soil in the trampled plot (difference = pristine - trampled). 
Thick organic layers were associated with less subsidence after trampling (slope = -
0.013 m ± 0.0061 SE, Fig.S6, Tab.S13), whilst higher soil moisture was associated with 
less subsidence in trampled plots (slope = -0.020 m ± 0.00046 SE, Fig.S6, Tab.S13). The 
impacts of trampling intensity depended on bulk density, with looser soils showing 
more subsidence after trampling than dense soils at the same trampling intensities 
(slope = -0.000077 m ± 0.000016 SE, Fig.S6, Tab.S13).  

In the Loess terrace, there was an average subsidence of 2.3 cm which was however not 
significant, whilst in the polygonal tundra trampled plots were significantly subsided 
with an average of 5.6 cm subsidence, and on the north-facing slope pristine plots 
showed significantly stronger subsidence (Fig.5, Tab.S10). The subsidence of the 
pristine plots in the north facing slope is however likely influenced by the plot setup 
along an elevation gradient and strong microtopographic variation. This, in combination 
with the thick organic layers on the north-facing slope (Fig.2a), may confound covariate 
effects of the model and suggests that the site effects of this model give more reliable 
insights into trampling effects on subsidence than analysis of covariates. Thus, further 
discussion of the results were based on site effects of the loess terrace and polygonal 
tundra for this model and not on the covariates.   



 

Figure 5: Impacts of human trampling on soil subsidence across three sites. Plots visualise raw data, 
EMMs are from modelling differences in elevation. Dots represent individual plots, grey lines connect 
plots within a plot pair. 

CO2 exchange responses to human trampling 
GPP300 rates showed different responses to trampling across sites (Fig.6, Tab.S14). In 
the loess terrace, GPP300 rates were approximately 95% higher in trampled plots 
compared to pristine plots (Fig.6a). In the polygonal tundra, no significant differences in 
GPP300 rates were observed (Fig.6b). On the north-facing slope, GPP300 rates were 
approximately 34% higher in pristine plots compared to trampled plots (Fig.6c).  

 



Figure 6: GPP300 responses to human trampling across three sites and comparing early and peak 
season. Graphs visualise raw data, whilst ratios and p-values are based on EMM pairwise contrasts 
(Tab.S14-15). 

ER rates were significantly increased in trampled plots at two sites (Fig.7, Tab.S14). In 
the loess terrace and north-facing slope, ER rates were approximately 93% and 23% 
higher in trampled than in pristine plots, respectively (Fig.7a,c). In the polygonal tundra, 
no significant differences between ER rates of trampled and pristine plots were 
observed (Fig.7b).  

Both GPP300 and ER were significantly higher during peak season compared to the 
early season, but did not differ in responses to trampling between seasons. GPP300 
increased by approximately 56%, whilst ER increased by approximately 13% (Tab.S15). 
Trampling shifted NEE towards greater net release of CO2 in all sites and both seasons, 
however, this difference was only significant in the loess terrace (Text S3, Tab.S15-S17, 
Fig.S7-S8).  

 

Figure 7: ER responses to human trampling across three sites and comparing early and peak season. 
Graphs visualise raw data, whilst ratios and p-values are based on EMM pairwise contrasts (Tab.S14-15). 

  



Vegetation Responses 
Supporting ANOVA, post-hoc and SIMPER tables for results discussed here are 
available in Appendix 3.  

Seasonal Dynamics 
NDVI followed a parabolic trend, peaking in late July/early August. The Loess Terrace 
(Adventdalen OAS) and North Slope did not exhibit a clear trampling effect, while The 
polygonal tundra appeared to have higher NDVI values in trampled plots throughout the 
entire season (figure 8A). Soil moisture decreased over the season, with trampled plots 
showing consistently higher soil moisture values compared to untrampled plots (figure 
8B). Mean vegetation height per location was consistently taller for untrampled plots 
compared to trampled plots (figure 8C). Similarly, mean biomass was slightly higher in 
untrampled plots for each location (figure 9) 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 8: Figures exploring the trends over time of NDVI (A), soil moisture content (B) and vegetation height (C), separated by 
trampled and untrampled plots. In august weekly measurements (NDVI, soil moisture) were transitioned to bi-weekly 
measurements, resulting in less datapoints in the final thirds of the graphs. Vegetation height was recorded at three points 
during the season. Shaded area represents the 95% confidence interval. 
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Figure 91: Bar graph exploring the contrast between trampled and untrampled mean aboveground biomass. Biomass 
was harvested once at the end of the season in late August. Error bars show the 95% confidence interval and biomass 
is measured in grams.  

 

 

 

 

 

 

 

 

 

 

 

Trampling Effect 
Analysing the relation between mean aboveground biomass and trampling revealed a 
tendency for lower biomass in trampled plots, being very close to significant (p = 0.05, 
figure 10A). The full significant model after backwards selection was biomass ~ 
trampled + location + (1 | plot:location). The post-hoc test barely revealed a significant 
(p = 0.049) trampling effect where trampled plots had an estimated 16.7% (0.2g) less 
biomass. 

The significant model between mean vegetation heights and trampling, after taking the 
logarithm of vegetation heights to satisfy the normal model residuals prerequisite, was: 
log(vegetation height) ~ trampled + location + (1 | plot:location) + (1 | season). It showed 
a significant effect of both trampling (p = 3.7e-12) and location (p = 0.002) on vegetation 
heights (figure 8B). The post-hoc test showed a significant (p = 0.001) estimated 
contrast of 0.29cm lower vegetation in trampled plots, compared to untrampled plots. 
This is a reduction in overall mean plant height of 19.7%. 

Finally, the model analysing the relation between NDVI and trampling came out as 
following: scale(NDVI) ~ trampled + location + scale(soil moisture) + trampled:location + 
location:scale(soil moisture) + (1 | plot:location) + (1 | season). The model shows 
significant interactions between location and trampling (p = 0.001, figure 8C), and 
location and mean soil moisture (p = 0.001). Running the post-hoc test per location 
showed a significant (p = 0.037) trampling effect only in the polygonal tundra site, where 
NDVI was estimated to be 8% (0.0447) higher in trampled plots compared to 
untrampled plots.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Trampling intensity 
After backwards selection, none of the selected models indicated significant effects of 
trampling intensity (see appendix 6).  

 

Vegetation Community Composition  
Lastly, we analysed the responses of aboveground biomass and vegetation height by 
functional group to trampling and compared species composition at three different 
levels (basic functional groups, detailed functional groups, individual species) between 
trampled and untrampled plots. (PERM)ANOVA-tables and R-output for post-hoc tests 
can be found in Appendix 5 for all analyses. Appendix 4 shows some further plots 

Figure 10: Paired plot comparisons of mean aboveground 
biomass, mean vegetation height and mean NDVI. The 
models for vegetation height and NDVI were run with three 
mean values for height and biomass (early season, peak 
season and late season, or round 1, 2 and 3 respectively). 
In this graph these are averaged together to create a single 
mean value for each plot. T = Trampled (purple), U = 
Untrampled (green). Asterisks next to the location indicate 
a significant difference between trampled and untrampled. 
Mean aboveground biomass (A) is shown in grams, mean 
vegetation height (B) is shown in log(cm) and NDVI (C) 
shows raw NDVI measurements.  
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highlighting location effects on the analysis. When average is mentioned in this chapter 
it refers to the average difference (Trampled – Untrampled) of the response variable. 

PERMANOVA analysis on the aboveground biomass dataset revealed a small but 
significant effect of trampling (R2 = 0.02, p = 0.017). However, visualisation using an 
NMDS ordination indicates a stronger clustering based on the location of the sample 
(figure 11A), meaning applying the SIMPER test to the entire dataset could be 
misleading. Therefore, SIMPER was run on data subsets per location instead. This 
analysis showed no specific functional group to be (near) significantly impacting the 
dissimilarity between trampled plots for any of the locations. 

Next, the PERMANOVA analysis on vegetation heights showed a small significant effect 
of trampling (R2 = 0.04, p = 0.001) as well. Performing SIMPER analysis on subset data 
per location gave different results for each location. At the loess terrace, moss layer 
thickness tended to contribute to the total dissimilarity (average  = 0.03, 13.2% 
(percentage of total dissimilarity), p = 0.05), being 3.9% thicker in untrampled plots. At 
the polygonal tundra site, both standing dead vegetation height (average = 0.05, 18.4 %, 
p = 0.03) and moss layer thickness (average = 0.02, 8.6%, p = 0.02) contributed to the 
total dissimilarity. The moss layer was 6.4% thicker in untrampled plots and standing 
dead vegetation was 1.2% taller in untrampled plots (figure 11C). The SIMPER on the 
north slope site did not indicate any trends.  

Species composition was analysed at the three levels (basic functional groups, detailed 
functional groups, individual species; see appendix 1). First of all, for the middle-ground 
solution (detailed functional groups) PERMANOVA analysis returned no significant 
trampling effect (p > 0.05). The other two levels (basic functional groups and individual 
species) did show significant trampling effects, but only explained <1% of the total 
variation (R2 = 0.008, p = 0.017 and R2 = 0.009, p = 0.019, respectively). SIMPER analysis 
then showed that for Individual species at the polygonal tundra site there was a 
reduction in Sanionia uncinata (average = 0.05, 9.5%, p = 0.02) and Bistorta vivipara 
(average = 0.03, 5.4%, p = 0.02) in trampled plots, and in the north slope site a reduction 
in Aulacumnium turgidum (average = 0.02, 4.8%, p = 0.01) and Pedicularis hirsuta 
(average = 0.0009, 0.1%, p = 0.04) in trampled plots. For basic functional groups 
SIMPER revealed that in the polygonal tundra site there is a reduction in forbs in 
trampled plots (average = 0.03, 10.4%, p = 0.01). This forb is likely Bistorta vivipara 
which would match the outcome of the individual species result. It is important to note 
that because the R2 of the PERMANOVAs are very small, the output of the SIMPER has to 
be interpreted with caution. 



 

 

 

 

 

 

  

Figure 2: NMDS ordinations for aboveground biomass 
(all locations, A), vegetation heights (all locations, B) and 
vegetation heights (location 2, C). Plots in the ordination 
are coloured by trampling treatment, and shaped by 
location (if applicable). The area of the plot most 
associated with trampled or untrampled is shaded in a 
translucent circle of purple and green respectively. 

 



Discussion 
The aim of this study was to determine the impact of human trampling on permafrost 
properties and CO2 fluxes in three contrasting Arctic tundra sites. For this, plots of a 
previous concluded experiment were re-used to compare trampled and pristine areas in 
a paired set-up. In most sites, impacts on TD, thermal insulation, and soil subsidence 
after in trampled plots were detectable but not significant. Generally, lower bulk density, 
and either low soil moisture and OLT or high soil moisture and OLT increased impacts of 
human trampling on permafrost properties. NEE showed different responses to 
trampling depending on the site, and ER was increased in trampled plots in two sites. 
These results give insights into the impacts of human trampling on ecosystem 
processes in Arctic tundra, and can be used to evaluate the impacts of human activities 
in such systems. 

Shifts in permafrost properties following human trampling 
Thaw depth 

Thaw was up to 3.7 cm deeper in trampled plots (Tab.S8), but not significantly different 
in any site across the entire vegetation season (Fig.3, Tab.S8). Shifts in TD on foot paths 
and vehicle roads were previously described for Svalbard if plant cover had been 
removed (Krzyszowska, 1989). This suggests that trampling in this study could cause 
minor changes in TD, but that the persisting vegetation may have been sufficient to 
insulate the permafrost from substantial shifts in TD (Tuomi et al., 2021). 

Across sites, deeper thaw from trampling was linked to wetter soils, and the same levels 
of trampling caused deeper thaw in plots with thicker organic layers (Fig.S4, Tab.S11). 
This aligns with the hypothesis that soil moisture may modulate trampling responses by 
increasing thermal conductance of the soil (Klene et al., 2001; Moene & Van Dam, 
2014), and reflects microtopographic properties of permafrost by which wetter areas of 
tundra polygons also exhibit deepest thaw (Zona et al., 2011). The interaction between 
trampling intensity and OLT resembles increased damage of hiking paths on organic 
compared to soils (Bryan, 1977), but also highlights the notion that the protection of 
organic matter against soil compaction described for temperate soils does not seem to 
apply to Arctic tundra soils (Tuomi et al., 2021). 

TD is a major control of ecosystem processes in Arctic tundra, and increases in TD can 
increase nutrient availability to plants and rooting space for deep rooting taxa (Salmon 
et al., 2016; Wang et al., 2017). Thus, via increasing TD, human trampling can lead to 
changes in ecosystem processes, potentially locally amplifying patterns of permafrost 
thaw already observed under climate change (Strand et al., 2021). 



Air-ground thermal coupling 
Trampling increased thawing n-factors in 88% of plot pairs, although there was no 
significant evidence for a statistical increase in air-ground thermal coupling following 
trampling (Fig.4, Tab.S9). Thawing n-factors below 1 are typical for permafrost and 
tundra ecosystems due to soil thermal insulation (Blok et al., 2011; Grünberg et al., 
2020; Schuuring et al., 2024). The thawing n-factors found in this study are comparable 
to other tundra systems (Kade et al., 2006; Klene et al., 2001) and are lower than in 
forested permafrost (Karunaratne & Burn, 2004).  

Changes in air-ground thermal decoupling were best described by a model with bulk 
density of the topsoil, but the non-significance of this relationship suggests only weak 
evidence for stronger trampling damage in loose soils compared to dense soils (Fig.S5, 
Tab.S12). Other studies have highlighted the importance of organic layers and soil 
moisture for regulating air-ground thermal decoupling (Kade et al., 2006; Karunaratne & 
Burn, 2004; Klene et al., 2001), resembling the patterns of OLT, soil moisture, and 
ranges of thawing n-factors between sites (Fig.2, 4). Despite their relevance for 
regulating soil insulation, there was no support for soil moisture or OLT modulating 
trampling responses of air-ground thermal decoupling, and whilst there were some 
decreases in soil thermal insulation, it was not significantly affected by trampling in this 
study. It is possible that such changes may be observed at higher trampling intensities, 
especially where trampling reduces plant cover (Tuomi et al., 2021).  

Soil subsidence 

Trampling caused soil subsidence in the polygonal tundra and loess terrace with an 
average subsidence of 5.6 and 2.3 cm, respectively, but this was only significant for the 
polygonal tundra (Fig.5, Tab.S10). Subsidence after human trampling is linked to soil 
compaction, which has been observed for roads and paths on Svalbard and Antarctica 
(Krzyszowska, 1989; Tejedo et al., 2012) but also around campsites (West & Maxted, 
2000) and hiking paths (Gellatly, Whalley, & Gordon, 1986; Tuomi et al., 2021). The 
polygonal tundra sites were characterised by thicker organic layers, lower bulk density, 
and higher soil moisture than the loess terrace (Fig.2), aligning with the hypothesis that 
these factors would increase the potential for soil compaction and deformation 
following trampling. Additionally, these findings resemble those on the trampling 
responses of thaw depth, suggesting that OLT, bulk density, and soil moisture play 
similar roles in modulating trampling responses of different permafrost properties. 

In temperate systems, organic soils are often described to be resistant to compaction 
(Tuomi et al., 2021), which contrasts the significant subsidence in the polygonal tundra 
but not the loess terrace. However, in tundra systems, soil moisture may be more 
important in regulating susceptibility of soil to deformation and compaction (Bryan, 
1977; Monz, 2002) which may link to seasonal moisture dynamics. Soil moisture 



conditions varied between sites, as the loess terrace dried after the snowmelt season 
and the polygonal tundra exhibited higher soil moisture levels throughout the vegetation 
season (Fig.S3c). Thus, the loess terrace may be more susceptible to trampling damage 
during the snowmelt, whereas trampling damage and soil compaction can accumulate 
throughout the entire season in the polygonal tundra. Finally, subsidence caused by 
human trampling may have downstream effects on ecosystem dynamics ore vegetation 
by creating small trenches or amplifying microtopographic heterogeneity, especially at 
high trampling intensities (Monz, 2002). 

Shifts in CO2 exchange following human trampling 

Rates of CO2 exchange can vary both between geographical regions and within 
landscape and vegetation types. Overall, the rates measured in this study are higher 
than those observed in Alaskan tundra (Kade et al., 2024; Olivas et al., 2010; Zona et al., 
2011) and Greenland (Lund et al., 2012), but similar to those observed in the Swedish 
Arctic (Street et al., 2007) and in previous studies on Svalbard (Cannone et al., 2016, 
2019). 

Gross primary production 

Responses of GPP rates to trampling were different in each of the three sites, indicating 
local controls of GPP responses to human trampling. On the north-facing slope, 
trampling decreased CO2 uptake and assimilation rates were 34% higher in pristine 
plots than trampled plots (Fig.6c, Tab.S14), making it the only site aligning with the initial 
hypothesis. Rates of GPP are linked to photosynthetic potential and vegetation biomass 
(Mbufong et al., 2014; Street et al., 2007), and a reduction in plant biomass from 
mechanical damage (Krzyszowska, 1989; Tuomi et al., 2021) may lead to a reduction in 
GPP rates. The vegetation in the north-facing slope is characterised by a pronounced 
layer of mosses, which are also the functional plant group showing both a high 
sensitivity to mechanical damage (Krzyszowska, 1989; Tuomi et al., 2021) and high 
contribution to carbon sequestration in Arctic tundra (Douma et al., 2007; Nakatsubo et 
al., 2015, 2023). Indeed, a long-term grazing exclusion experiment on Svalbard showed 
that undisturbed sites were associated with higher carbon sequestration rates, as well 
as thicker moss layers and aboveground biomass (Petit-Bon et al., 2023), and losses in 
aboveground biomass are frequently associated with reduced GPP after browning 
events (Phoenix et al., 2025). 

The loess terrace showed an opposite trend in GPP responses to human trampling than 
the north-facing slope, with GPP rates being 95% higher in trampled compared to 
pristine plots (Fig.6a, Tab.S14). Whilst this does not support the initial hypothesis of this 
study, several mechanisms have been described by which carbon sequestration can 
increase after disturbances. Firstly, defoliation of vascular plants through trampling 
reduces the density of the canopy structure and reduces light limitation for lower 



vegetation layers (Street et al., 2007) which can lead to a shift in vegetation community 
composition and increase CO2 uptake after certain disturbances (Phoenix et al., 2025). 
However, given the low vegetation height and open canopy structure of High Arctic 
vegetation, this is unlikely to constitute the main driver of increased carbon 
sequestration in this site. Secondly, trampling may increase availability of dead organic 
material and nutrients for plants, which is usually a limiting resource in Arctic tundra 
(Salmon et al., 2016) and has also been linked to increases in both GPP and ER after 
browning events (Phoenix et al., 2025). Lastly, water availability tightly controls rates of 
photosynthesis of Arctic vegetation (Schipperges, 1992; Uchida et al., 2002), so that 
even small increases in soil moisture following trampling (Fig.S3c) could have increased 
water availability sufficiently to increase carbon sequestration in this comparatively dry 
site. 

Thus, trampling can have divergent effects on GPP of Arctic tundra, reflecting high 
spatial heterogeneity in controls of CO2 exchange within tundra systems (Lund et al., 
2010; Williams et al., 2006). Directionality of GPP changes after trampling is likely linked 
to local vegetation composition, as well as the resistance and photosynthetic capacity 
of dominant plant groups (Phoenix et al., 2025), but also shifts in abiotic conditions 
caused by trampling. Finally, GPP responses may also be affected by microtopographic 
controls, which cause substantial variation in CO2 fluxes in Arctic tundra (Zona et al., 
2011). 

Ecosystem respiration 

Trampling increased ER by 93% and 23% in the loess terrace and the north-facing slope, 
respectively (Fig.7a, c, Tab.S14), resembling previous findings of increased respiration 
rates after human trampling in polar systems (Ayres et al., 2008). Multiple factors can be 
linked to increases in ER following trampling. Firstly, ER rates are associated with 
deeper TD across geographical and microtopographic scales (Cannone et al., 2019; 
Zona et al., 2011). TD changes following trampling were generally smaller than 3 cm and 
not significant (Tab.S8), but based on the increase in microbial activity with deeper thaw 
(Salmon et al., 2016), small shifts may be sufficient to increase ER rates. Besides this, 
trampling could also increase ER rates through increased litter from defoliation of 
vascular plants, as availability of nutrients and easily decomposable carbon are 
strongly linked to soil respiration rates (Best et al., 2023; Phoenix et al., 2025). 
Furthermore, minor changes or gradients in water availability and moisture can alter 
microbial activity patterns and ER (Cannone et al., 2019; Newsham et al., 2022; Zona et 
al., 2011), which can be affected by human trampling through a reduction in soil 
thermal insulation. Whilst the complexity of interacting factors makes it difficult to 
determine the most dominant factors (Best et al., 2023; Zona et al., 2011), human 
trampling thus clearly has markable impacts on ecosystem processes and the potential 
to increase CO2 releases from Arctic tundra. 



Notably, no significant shifts in CO2 exchange, but also in permafrost properties, were 
observed in the polygonal tundra (Fig.6-7b, Tab.S13-14). This is despite the fact that the 
low bulk density, intermediate OLT and soil moisture (Fig.2) initially point towards a 
higher susceptibility of this site. However, controls of soil and permafrost through 
vegetation occur along successional stages (Magnússon et al., 2020; Windirsch et al., 
2023), highlighting the potential of vegetation community composition to affect soil 
properties. Functional plant groups differ in their resistance to mechanical damage 
caused by trampling (Krzyszowska, 1989; Tuomi et al., 2021), which could create a 
“buffer system” of vegetation that prevents trampling damage from affecting the soil. 
The lack of responses in GPP, which is strongly determined by aboveground vegetation 
biomass (Mbufong et al., 2014; Street et al., 2007), does not necessarily counter this 
hypothesis as losses in biomass can be followed by divergent responses in carbon 
sequestration (Phoenix et al., 2025). In such a scenario, graminoids as the dominant 
plant functional group in the polygonal tundra site could have buffered trampling 
damage of the soil, whilst increased photosynthetic activity of bryophytes could have 
compensated for GPP (Krzyszowska, 1989; Tuomi et al., 2021). Such shifts in plant 
community composition and consequent shifts in canopy structure have been 
described for other browning events (Phoenix et al., 2025) but need experimental 
verification for human trampling. 

Implications for shoulder season losses under climate change 
For all sites, ER and GPP rates were higher during peak vegetation season than during 
the early season (Fig.6-7, Tab.S15), corroborating the role of phenological season for 
driving interannual variations in CO2 exchange (Cannone et al., 2019; Lund et al., 2010). 
However, GPP increased by approximately 57%, whilst ER rates increased by only 
approximately 13% from early to peak season (Fig.6-7, Tab.S15). This reflects 
observations that under a warming climate, ER rates reach high rates sooner in the year 
than GPP rates, leading to a net loss of CO2 during shoulder seasons (Euskirchen et al., 
2017). This is both linked to phenological development of vegetation (Douma et al., 
2007; Nakatsubo et al., 2023) and higher temperature sensitivity of ER compared to GPP 
(Lund et al., 2012). As human trampling was associated with higher ER and a decrease 
in net uptake of CO2 (Text S3, Tab.S15-S17, Fig.S7-S8) in this study, these results 
indicate that human trampling has the potential to add to carbon losses from 
permafrost observed under climate change (Schuur et al., 2015). 

Effects of Trampling on Vegetation 

Plant Productivity  
With regard to plant productivity (NDVI), the results of the analysis show an unexpected 
result. While initially our expectation was for trampled plots to show lower productivity, 
in actuallity NDVI was unchanged or higher in trampled plots. One explanation for the 



increased productivity could be due to regrowth after disturbance. Emers et al. (1995) 
discuss in their paper on vehicle damage in the Arctic that they would find a “visible 
green trail” of vegetation along some of the most disturbed vehicle tracks due to deeper 
thaw depths on the trails. This same effect might be visible in the polygonal tundra site 
in this study, at a smaller scale. Trampled plots experience deeper thaw depths (Clara 
Hiel, pers. comm.), causing improved growing conditions the first year(s) after trampling 
for plant species that can tolerate disturbances well. Graminoids, specifically Dupontia 
fisheri and Calamagrostis neglecta, have rhizomatous growth forms which allow them 
to resprout from belowground structures, even after significant disturbances 
aboveground (Allessio & Tieszen, 1975; Kershaw, 1962). On the contrary, untrampled 
plots that have experienced normal growth accumulate vegetation which insulate the 
soil, lowering overall plant productivity. Similarly to Emers et al., the most disturbed and 
wettest plots in the polygonal tundra meadow were also the plots with the clearest 
visible green patches. The polygonal tundra site, where productivity increased in 
trampled plots, also had significantly taller standing dead vegetation in untrampled 
plots. More abundant standing dead vegetation could also obscure the living vegetation 
in untrampled plots from the NDVI sensor, making it appear to be less productive. 

Plant Stature 
Other than taller standing dead vegetation, the plant height survey also indicated 
significantly taller overall vegetation in all sites, and specifically thinner moss layers in 
trampled plots in the polygonal tundra meadow and potentially the loess terrace. This 
lines up with the hypothesis that vegetation will overall be lower in trampled plots, and 
the specific effect of loss of moss thickness after trampling is supported in existing 
studies (Tuomi et al., 2020; Van Der Wal & Brooker, 2004). Both of these papers also 
theorise similar consequences of moss layer thinning, namely a rise in soil temperature, 
which then leads to a deeper thaw depth and increased N-mineralisation, which then 
can lead to better growing conditions for trampling resistant species like graminoids. As 
mentioned the polygonal tundra meadow did show both higher productivity and thinner 
moss layers in trampled plots, so this could be another mechanism explaining the 
increase in productivity. The tendency for moss reduction after trampling in the loess 
terrace is not quite expected, as this site does not really have moss layer, but does have 
sparse Polytrichum spp. patches throughout the site. Polytrichum species are generally 
considered to resist trampling well (Studlar, 1980), so this adverse effect could signal a 
different sensitivity in High Arctic ecosystems, or potentially these adverse effects are 
short lived.  

Biomass 
The reduction in aboveground biomass after trampling was barely significant but 
present, which is in accordance with the conceptual models by Monz (2002). Monz 
proposed several consequences for aboveground biomass loss. The reduction could 



affect insulation, albedo, evapotranspiration and belowground plant structures. These 
changes in turn affect soil microclimate, altering growing conditions for local 
vegetation. Biomass loss in specifically in the moss layer could have very similar effects 
to moss layer thinning: increased soil temperatures and increased N-mineralisation. A 
reduction of N-availability could also be possible if the specific moss species is 
associated with nitrogen-fixing cyanobacteria. Sanionia uncinata, the most common 
moss species in the polygonal tundra site, has been shown to be a good host for such 
cyanobacteria (Solheim et al., 1996) and therefore a reduction in N-availability might 
have occurred in this site.  

Effects on species composition 
There was some evidence for community composition to differ between trampled and 
untrampled plots, but with such small effect size that it is essentially neglectable. The 
pattern that emerged from the post-hoc tests suggest that certain pleurocarp mosses 
(Sanionia uncinata, Aulacomnium turgidum) and forbs (Bistorta vivipara, Pedicularis 
hirsuta) are less common in trampled plots. S. uncinata and A. turgidum were the most 
common moss species in their respective sites (polygonal tundra meadow and north-
facing slope), so this result might be a reflection of the overall loss of moss vegetation 
height and biomass in these sites, and less so an effect related to the specific species. 
While no direct shifts from mosses to graminoids (Egelkraut et al., 2020; Kruse et al., 
2021; Tuomi et al., 2020) were observed on the timescales of our study, the relative 
sensitivity on mosses and lichens could indicate that such shifts may take place under 
more severe or longer duration of trampling.  

 

Drivers of Trampling Sensitivity 
With respect to effects of trampling on permafrost thaw depth, soil subsidence and 
thermal regime, we found that both dry mineral soils and wet organic soils show 
susceptibility to subsidence under trampling. Adverse effects on permafrost thaw depth 
and soil thermal insulation however were most evident in the wet, organic polygonal 
tundra meadow, suggesting that such environments are more sensitive to permafrost 
degradation and soil warming under trampling. While this points towards a higher 
susceptibility to compaction in organic soils (Bryan, 1977), extended monitoring after 
disturbance could elucidate potential rapid recovery mechanisms of organic soils after 
compression reported in a previous study (Tuomi et al., 2021). 

Also with respect to vegetation responses, the polygonal tundra meadow showed most 
pronounced effects. Every location showed reduced vegetation height. But only the 
polygonal tundra meadow had significant moss layer and standing dead vegetation loss, 
and was the only location to show plant productivity to be positively affected by 
previous years’ trampling. The higher productivity in trampled plots may reflect the 



reduction of abundant standing dead graminoid biomass, and rapid regrowth of new 
graminoid shoots (pers. obs.), which is supported by previous studies  (Krzyszowska, 
1989; Phoenix et al., 2025; Tuomi et al., 2021). 

Interestingly, we did not find indications that higher trampling intensities led to more 
severe impacts on environmental variables. This is in contradiction with earlier studies 
(Monz et al., 2002; Ayres et al., 2008), but likely reflects the limited range of trampling 
intensities present in this study (ranging from approximately 70 to 150).  

 

Implications for fieldwork and recreational activities 

Environmental drivers of trampling sensitivity 
In this study, impacts of human trampling from a previous research experiment on 
permafrost were detectable but often not significant or inconsistent. The trampling 
investigated here was applied over two or three seasons, with regular visits but far fewer 
annual passes compared to frequently visited areas like hiking paths (Gellatly, Whalley, 
Gordon, et al., 1986). This compares to low to medium trampling pressures in 
experiments that used experimental treatments (Monz, 2002; Tejedo et al., 2012) and to 
trampling pressure in other scientific projects (Ayres et al., 2008). As trampling damage 
is likely cumulative (West & Maxted, 2000), substantial effects of human trampling may 
only occur at high trampling intensities, which can stem from either more annual 
passes or trampling pressure over several years. 

Responses to human trampling also likely follow non-linear dynamics, whereby little to 
no responses are observed at low trampling intensities until a threshold is met (Tuomi et 
al., 2021). At low trampling intensities, both resistance and resilience of ecological 
processes are high enough to prevent measurable damage or to allow for recovery in the 
next year. Such cases have also been described in nature management (Tejedo et al., 
2012), controlled trampling experiments (Monz, 2002; Tejedo et al., 2012), another 
former research site (Ayres et al., 2008). Above thresholds of cumulative trampling 
damage, substantial effects on vegetation and soil occur that the ecosystem may not 
recover from for several years to decades (Gellatly, Whalley, Gordon, et al., 1986; Kruse 
et al., 2021; Monz, 2002; Neby et al., 2022; Tomczyk & Ewertowski, 2010; West & 
Maxted, 2000). Importantly, different ecosystem processes may have diverse thresholds 
for recovery from trampling damage. For example, soil biota and ER change after few 
annual passes (Ayres et al., 2008), whilst lasting vegetation decline is only observed at 
higher trampling intensities (Monz, 2002; Tejedo et al., 2012) or can be compensated by 
certain community traits (Krzyszowska, 1989; Phoenix et al., 2025). Thresholds may 
further differ among plant functional groups. Clearer reductions in moss and lichen 
biomass, and rapid NDVI increases in graminoid dominated plots in the year after 
trampling underscores the relative sensitivity of cryptogam species and replacement by 



graminoids (Krzyszowska, 1989; Tuomi et al., 2020) and indicates that moss and lichen 
communities may already suffer from repeated, low intensity trampling and are best 
avoided altogether.  

For human activities in the tundra, this suggests that low to medium trampling such as 
from research and recreation has some but not severe consequences for the tundra in 
general. Similar conclusions have been reached in experimental studies (Monz, 2002; 
Tejedo et al., 2012) and a comparable research site (Ayres et al., 2008). From this, it 
follows that careful planning and responsible outdoor practices can mitigate damage to 
tundra when hiking and conducting fieldwork. For research, this includes site selection 
to avoid sensitive sites, avoiding intense pressure on soils by using boardwalks or mats 
where sensitive sites (i.e. wet, organic soils, loose dry soils and cannot be avoided (The 
Kugluk Project Team et al., 2025), and an assessment of the trade-off between potential 
trampling damage and knowledge gain. For recreation, this includes adjusting routes to 
avoid sensitive areas, an ongoing assessment of trampling damage to use existing 
paths, and an assessment of the trade-off between potential trampling damage and 
scenic values. In general, this study points towards a higher sensitivity of loose soils, 
but both dry, mineral soils with low OLT and wet soils with high OLT can be indicative of 
sensitivity to trampling damage. Such information should be included in guidelines and 
recommendations for fieldwork design and recreation, as it can be assumed that those 
visiting the tundra for research and recreation possess an appreciation for the intrinsic 
values of the tundra, wanting to contribute to its protection. 

 

Recommendations for Future Studies 
This study re-used a previous research site, which limited the resolution and scale of 
trampling treatments. Ideally, human trampling impacts would be studied in controlled 
experiments across a range of tundra systems and treatments of trampling intensities, 
and few studies have implemented experimental human trampling (Monz, 2002; Tejedo 
et al., 2012). However, such studies pose critical ethical questions due to the large 
spatial requirements for sufficient treatment levels and replicates, and due to the 
known slow recovery times following strong mechanical damage. Practically, a better 
approach to studying human trampling is thus to study the impacts of trampling by 
collaborating with other researchers who are producing trampling treatments as a 
byproduct of their own research, or by monitoring visitation rates at hiking paths (eg., by 
using heat maps or motion-induced counters at hiking trails). In general, collaboration 
with those who are spending abundant time in the tundra harbours large knowledge 
potential for identifying determining factors in decision making, movement behaviours, 
but also field observations of trampling impacts. This was illustrated during this project 
through a knowledge-exchange evening with guides and local residents on Svalbard, 



and is clearly and well-documented for Indigenous people across Arctic regions for a 
wide range of topics (Fox et al., 2025). 

Furthermore, future studies on human trampling in Arctic tundra should continue to 
combine soil and vegetation traits as these processes are complex and tightly linked 
(Best et al., 2023; Zona et al., 2011). Besides the variables measured in this project, 
considering belowground soil biota, but also explicit linking of permafrost and 
vegetation responses will give important insights into the mechanisms behind human 
trampling. For example, activity and abundance of fungal or bacterial soil microbes 
could predict responses in soil respiration (Tuomi et al., 2021), and root architecture 
could be linked to soil stability through its role in structural resistance and resilience of 
vegetation (Phoenix et al., 2025; Tuomi et al., 2021). Lastly, investigating the 
susceptibility of different plant groups could aid the establishment of visual indicator 
plants for areas with a high risk of “invisible” damage such as increased TD, loss of soil 
insulation, or higher CO2 loss. 

Finally, to maximise the use of this knowledge, it would be beneficial to create a field 
guide to identify areas with a high susceptibility to human trampling. Such a field guide 
should be accessible for people without an ecological background and be based on 
visual assessment without the need for additional equipment. This could then be 
integrated into fieldwork guidelines and be used to increase awareness for nature 
conservation during research and recreational activities. 

 

Conclusions 
This study investigated the impact of human trampling on permafrost properties, CO2 
exchange and vegetation in High Arctic tundra by re-using former research sites with 
contrasting local environmental conditions in a paired setup. Trampling had some 
impacts on TD, air-ground thermal coupling, and soil subsidence, but differences 
between trampled and pristine plots were mostly not significant. Increases in TD from 
trampling were associated with higher soil moisture, and the susceptibility to trampling 
increased with thicker OLT. Increases in air-ground thermal coupling following trampling 
was stronger in loose soils compared to dense soils. Soil subsidence was evident both 
in moist, organic soils as well as dry mineral soils. ER was increased by trampling in 
some sites, possibly linked to increases in microbial activity and root respiration caused 
by small changes in TD and thermal insulation. GPP was affected differently by 
trampling across the site, suggesting that dominant vegetation groups determine 
resistance to mechanical damage from trampling but also the compensation ability of 
the vegetation community. Trampling effects on CO2 exchange were consistent across 
early and peak vegetation season, but seasonal increases of GPP were much stronger 



than those of ER. This suggests that human trampling can amplify net losses of CO2 in 
shoulder seasons already observed under the effects of climate change. Vegetation 
responded with reduced stature, and a tendency for reduced biomass. Species-specific 
patterns indicate stronger relative reductions in cryptogams (mosses and lichens) and 
standing dead biomass, whereas graminoid dominated sites showed increases in 
photosynthetically active biomass in early summer the year after trampling. This 
underscores the sensitivity of cryptogam species already to low trampling intensity, and 
the rapid recovery of graminoid species.  

Trampling damage in Arctic tundra follows non-linear dynamics with thresholds of 
cumulative trampling damage, above which ecosystem recovery may take decades or 
centuries to complete. The trampling intensities investigated here are in the low to 
medium range and seem to be within the range where ecosystem recovery is possible. 
This indicates that trampling during research and comparable recreational activities 
causes some but not severe damage to the tundra. This indicates that damage to tundra 
during research and recreational activities can be minimised through planning to avoid 
sensitive sites and practices to reduce impacts on sensitive areas. Based on our 
research, non-experts should be able to easily identify sensitive sites areas as sites with 
abundant lichens, moist conditions and thick moss layers, and loose, compressible 
soils.  

 

Data Availability 

Data used in this study are available from the DANS Data Station Life Science under CC 
BY 4.0 NC-SA license.  

R.I. Magnússon; C. Hiel; J. van Lindert; S.I. Lang, 2026, "Data for FOOTSTEPS 
project", https://doi.org/10.17026/LS/SRKUUD, DANS Data Station Life Sciences, V1. 

  

https://doi.org/10.17026/LS/SRKUUD


References 
Allessio, M. L., & Tieszen, L. L. (1975). PATTERNS OF CARBON ALLOCATION IN AN 
ARCTIC TUNDRA GRASS, DUPONTIA FISCHERI (GRAMINEAE), AT BARROW, ALASKA. 
American Journal of Botany, 62(8), 797–807. https://doi.org/10.1002/j.1537-
2197.1975.tb14118.x 

Anderson, M. J., & Walsh, D. C. I. (2013). PERMANOVA, ANOSIM, and the Mantel test in 
the face of heterogeneous dispersions: What null hypothesis are you testing? Ecological 
Monographs, 83(4), 557–574. https://doi.org/10.1890/12-2010.1 

Arndal, M. F., Illeris, L., Michelsen, A., Albert, K., Tamstorf, M., & Hansen, B. U. (2009). 
Seasonal Variation in Gross Ecosystem Production, Plant Biomass, and Carbon and 
Nitrogen Pools in Five High Arctic Vegetation Types. Arctic, Antarctic, and Alpine 
Research, 41(2), 164–173. https://doi.org/10.1657/1938-4246-41.2.164 

Ayres, E., Nkem, J. N., Wall, D. H., Adams, B. J., Barrett, J. E., Broos, E. J., Parsons, A. N., 
Powers, L. E., Simmons, B. L., & Virginia, R. A. (2008). Effects of Human Trampling on 
Populations of Soil Fauna in the McMurdo Dry Valleys, Antarctica. Conservation Biology, 
22(6), 1544–1551. https://doi.org/10.1111/j.1523-1739.2008.01034.x 

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects 
Models Using lme4. Journal of Statistical Software, 67(1). 
https://doi.org/10.18637/jss.v067.i01 

Best, K., Zona, D., Briant, E., Lai, C.-T., Lipson, D. A., McEwing, K. R., Davidson, S. J., & 
Oechel, W. C. (2023). Response of CO2 and CH4 emissions from Arctic tundra soils to a 
multifactorial manipulation of water table, temperature and thaw depth. Environmental 
Research: Ecology, 2(4), 045003. https://doi.org/10.1088/2752-664X/ad089d 

Blok, D., Heijmans, M. M. P. D., Schaepman-Strub, G., Van Ruijven, J., Parmentier, F. J. 
W., Maximov, T. C., & Berendse, F. (2011). The Cooling Capacity of Mosses: Controls on 
Water and Energy Fluxes in a Siberian Tundra Site. Ecosystems, 14(7), 1055–1065. 
https://doi.org/10.1007/s10021-011-9463-5 

Bokhorst, S., Phoenix, G. K., Berg, M. P., Callaghan, T. V., Kirby-Lambert, C., & Bjerke, J. 
W. (2015). Climatic and biotic extreme events moderate long-term responses of above- 
and belowground sub-Arctic heathland communities to climate change. Global Change 
Biology, 21(11), 4063–4075. https://doi.org/10.1111/gcb.13007 

Box, J. E., Colgan, W. T., Christensen, T. R., Schmidt, N. M., Lund, M., Parmentier, F.-J. 
W., Brown, R., Bhatt, U. S., Euskirchen, E. S., Romanovsky, V. E., Walsh, J. E., Overland, 
J. E., Wang, M., Corell, R. W., Meier, W. N., Wouters, B., Mernild, S., Mård, J., Pawlak, J., 
& Olsen, M. S. (2019). Key indicators of Arctic climate change: 1971–2017. 

https://doi.org/10.1890/12-2010.1


Environmental Research Letters, 14(4), 045010. https://doi.org/10.1088/1748-
9326/aafc1b 

Bryan, R. B. (1977). The Influence of Soil Properties on Degradation of Mountain Hiking 
Trails at Grövelsjön. Geografiska Annaler: Series A, Physical Geography, 59(1–2), 49–65. 
https://doi.org/10.1080/04353676.1977.11879946 

Cannone, N., Augusti, A., Malfasi, F., Pallozzi, E., Calfapietra, C., & Brugnoli, E. (2016). 
The interaction of biotic and abiotic factors at multiple spatial scales affects the 
variability of CO2 fluxes in polar environments. Polar Biology, 39(9), 1581–1596. 
https://doi.org/10.1007/s00300-015-1883-9 

Cannone, N., Ponti, S., Christiansen, H. H., Christensen, T. R., Pirk, N., & Guglielmin, M. 
(2019). Effects of active layer seasonal dynamics and plant phenology on CO2 land-
atmosphere fluxes at polygonal tundra in the High Arctic, Svalbard. CATENA, 174, 142–
153. https://doi.org/10.1016/j.catena.2018.11.013 

Chagnon, C., Simard, M., & Boudreau, S. (2021). Patterns and determinants of lichen 
abundance and diversity across a subarctic to arctic latitudinal gradient. Journal of 
Biogeography, 48(11), 2742–2754. https://doi.org/10.1111/jbi.14233 

Da Silva, A. R., Malafaia, G., & Menezes, I. P. P. (2017). Biotools: An R function to predict 
spatial gene diversity via an individual-based approach. Genetics and Molecular 
Research, 16(2). https://doi.org/10.4238/gmr16029655 

Dannevig, H., Søreide, J. E., Sveinsdóttir, A. G., Olsen, J., Hovelsrud, G. K., Rusdal, T., & 
Dale, R. F. (2023). Coping with rapid and cascading changes in Svalbard: The case of 
nature-based tourism in Svalbard. Frontiers in Human Dynamics, 5, 1178264. 
https://doi.org/10.3389/fhumd.2023.1178264 

Douma, J. C., Van Wijk, M. T., Lang, S. I., & Shaver, G. R. (2007). The contribution of 
mosses to the carbon and water exchange of arctic ecosystems: Quantification and 
relationships with system properties. Plant, Cell & Environment, 30(10), 1205–1215. 
https://doi.org/10.1111/j.1365-3040.2007.01697.x 

Egelkraut, D., Barthelemy, H., & Olofsson, J. (2020). Reindeer trampling promotes 
vegetation changes in tundra heathlands: Results from a simulation experiment. Journal 
of Vegetation Science, 31(3), 476–486. https://doi.org/10.1111/jvs.12871 

Elven, R., Arnesen, G., Alsos, I. G., & Sandbakk, B. E. (2020). Svalbardflora [Data set]. 
https://svalbardflora.no. 

Elzhov, T. V., Mullen, K. M., Spiess, A.-N., & Bolker, B. (2022). minpack.lm: R Interface to 
the Levenberg-Marquardt Nonlinear Least-Squares Algorithm Found in MINPACK, Plus 
Support for Bounds (p. 1.2-4) [Dataset]. 
https://doi.org/10.32614/CRAN.package.minpack.lm 



 

Emers, M., Jorgenson, J. C., & Raynolds, M. K. (1995). Response of arctic tundra plant 
communities to winter vehicle disturbance. Canadian Journal of Botany, 73(6), 905–
917. https://doi.org/10.1139/b95-099 

Euskirchen, E. S., Bret-Harte, M. S., Shaver, G. R., Edgar, C. W., & Romanovsky, V. E. 
(2017). Long-Term Release of Carbon Dioxide from Arctic Tundra Ecosystems in Alaska. 
Ecosystems, 20(5), 960–974. https://doi.org/10.1007/s10021-016-0085-9 

Euskirchen, E. S., McGuire, A. D., Rupp, T. S., Chapin, F. S., & Walsh, J. E. (2009). 
Projected changes in atmospheric heating due to changes in fire disturbance and the 
snow season in the western Arctic, 2003–2100. Journal of Geophysical Research: 
Biogeosciences, 114(G4), 2009JG001095. https://doi.org/10.1029/2009JG001095 

Fox, S., Huntington, H. P., Stammler, F., Forbes, B. C., Holm, L. K., Alexeev, V., Alexeeva, 
E., Apok, C., Balanov, V., Comeau, R., Frederiksen, B., Ivanova, A., Jaypoody, J., 
Josefsen, A., Kautuk, E., Kautuk, R., Kielsen, E., Kolesov, I., Kumpula, T., … Tobiassen, K. 
(2025). Community knowledge exchange in research leads to innovation and action in 
the Arctic. Arctic Science, 11, 1–12. https://doi.org/10.1139/as-2024-0015 

Frost, G. V., Bhatt, U. S., Macander, M. J., Berner, L. T., Walker, D. A., Raynolds, M. K., 
Magnússon, R. Í., Bartsch, A., Bjerke, J. W., Epstein, H. E., Forbes, B. C., Goetz, S. J., 
Hoy, E. E., Karlsen, S. R., Kumpula, T., Lantz, T. C., Lara, M. J., López-Blanco, E., 
Montesano, P. M., … Waigl, C. F. (2025). The changing face of the Arctic: Four decades of 
greening and implications for tundra ecosystems. Frontiers in Environmental Science, 
13, 1525574. https://doi.org/10.3389/fenvs.2025.1525574 

Gamon, J. A., Huemmrich, K. F., Stone, R. S., & Tweedie, C. E. (2013). Spatial and 
temporal variation in primary productivity (NDVI) of coastal Alaskan tundra: Decreased 
vegetation growth following earlier snowmelt. Remote Sensing of Environment, 129, 
144–153. https://doi.org/10.1016/j.rse.2012.10.030 

Gellatly, A. F., Whalley, W. B., & Gordon, J. E. (1986). Footpath Deterioration in the 
Lyngen Peninsula, North Norway. Mountain Research and Development, 6(2), 167. 
https://doi.org/10.2307/3673270 

Gellatly, A. F., Whalley, W. B., Gordon, J. E., & Ferguson, R. I. (1986). An observation on 
trampling effects in North Norway: Thresholds for damage. Norsk Geografisk Tidsskrift - 
Norwegian Journal of Geography, 40(3), 163–168. 
https://doi.org/10.1080/00291958608621967 

Governer of Svalbard. (2024, February 23). Amendments to environmental regulations in 
Svalbard. https://www.sysselmesteren.no/en/news/2024/02/amendments-to-
environmental-regulations-in-svalbard/ 



Gremmen, N. J. M., Smith, V. R., & van Tongeren, O. F. R. (2003). Impact of Trampling on 
the Vegetation of Subantarctic Marion Island. Arctic, Antarctic, and Alpine Research, 
35(4), 442–446. https://doi.org/10.1657/1523-
0430(2003)035%255B0442:IOTOTV%255D2.0.CO;2 

Grünberg, I., Wilcox, E. J., Zwieback, S., Marsh, P., & Boike, J. (2020). Linking tundra 
vegetation, snow, soil temperature, and permafrost. Biogeosciences, 17(16), 4261–
4279. https://doi.org/10.5194/bg-17-4261-2020 

Harper, K. A., & Kershaw, G. P. (1996). Natural Revegetation on Borrow Pits and Vehicle 
Tracks in Shrub Tundra, 48 Years following Construction of the CANOL No. 1 Pipeline, 
N.W.T., Canada. Arctic and Alpine Research, 28(2), 163–171. 
https://doi.org/10.1080/00040851.1996.12003162 

Hartig, F. (2024). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) 
Regression Models (Version 0.4.7) [Computer software]. https://CRAN.R-
project.org/package=DHARMa 

Heggenes, J., Odland, A., & Bjerketvedt, D. K. (2018). Are trampling effects by wild 
tundra reindeer understudied? Rangifer, 38(1), 1–11. 
https://doi.org/10.7557/2.38.1.4121 

Heggenes, J., Odland, A., Chevalier, T., Ahlberg, J., Berg, A., Larsson, H., & Bjerketvedt, 
D. K. (2017). Herbivore grazing—or trampling? Trampling effects by a large ungulate in 
cold high-latitude ecosystems. Ecology and Evolution, 7(16), 6423–6431. 
https://doi.org/10.1002/ece3.3130 

Hiltunen, T. A., Stien, A., Väisänen, M., Ropstad, E., Aspi, J. O., & Welker, J. M. (2022). 
Svalbard reindeer winter diets: Long-term dietary shifts to graminoids in response to a 
changing climate. Global Change Biology, 28(23), 7009–7022. 
https://doi.org/10.1111/gcb.16420 

Hovelsrud, G. K., Olsen, J., Nilsson, A. E., Kaltenborn, B., & Lebel, J. (2023). Managing 
Svalbard Tourism: Inconsistencies and Conflicts of Interest. Arctic Review on Law and 
Politics, 14, 86–106. https://www.jstor.org/stable/48722456 

Humlum, O., Instanes, A., & Sollid, J. L. (2003). Permafrost in Svalbard: A review of 
research history, climatic background and engineering challenges. Polar Research, 
22(2), 191–215. https://doi.org/10.1111/j.1751-8369.2003.tb00107.x 

 

Jägerbrand, A. K., & Alatalo, J. M. (2015). Effects of human trampling on abundance and 
diversity of vascular plants, bryophytes and lichens in alpine heath vegetation, Northern 
Sweden. SpringerPlus, 4(1), 95. https://doi.org/10.1186/s40064-015-0876-z 

 



Kade, A., Romanovsky, V. E., & Walker, D. A. (2006). The n-factor of nonsorted circles 
along a climate gradient in Arctic Alaska. Permafrost and Periglacial Processes, 17(4), 
279–289. https://doi.org/10.1002/ppp.563 

Kade, A., Walker, D. A., Raynolds, M. K., Breen, A. L., & Hobgood, O. M. (2024). 
Landscape patterns of carbon fluxes in natural and disturbed ice-wedge-polygon 
tundra. Arctic, Antarctic, and Alpine Research, 56(1), 2391244. 
https://doi.org/10.1080/15230430.2024.2391244 

Karunaratne, K. C., & Burn, C. R. (2004). Relations between air and surface temperature 
in discontinuous permafrost terrain near Mayo, Yukon Territory. Canadian Journal of 
Earth Sciences, 41(12), 1437–1451. https://doi.org/10.1139/e04-082 

Kershaw, K. A. (1962). Quantitative Ecological Studies from Landmannahellir, Iceland: 
II. The Rhizome Behaviour of Carex Bigelowii and Calamagrostis Neglecta. The Journal 
of Ecology, 50(1), 171. https://doi.org/10.2307/2257202 

Klene, A. E., Nelson, F. E., Shiklomanov, N. I., & Hinkel, K. M. (2001). The N-factor in 
Natural Landscapes: Variability of Air and Soil-Surface Temperatures, Kuparuk River 
Basin, Alaska, U.S.A. Arctic, Antarctic, and Alpine Research, 33(2), 140–148. 
https://doi.org/10.1080/15230430.2001.12003416 

Kolås, E. H., Koenig, Z., Fer, I., Nilsen, F., & Marnela, M. (2020). Structure and Transport 
of Atlantic Water North of Svalbard From Observations in Summer and Fall 2018. 
Journal of Geophysical Research: Oceans, 125(9), e2020JC016174. 
https://doi.org/10.1029/2020JC016174 

Kruse, F., Nobles, G. R., De Jong, M., Van Bodegom, R. M. K., Van Oortmerssen, G. J. M. 
(Gert), Kooistra, J., Van Den Berg, M., Küchelmann, H. C., Schepers, M., Leusink, E. H. 
P., Cornelder, B. A., Kruijer, J. D. (Hans), & Dee, M. W. (2021). Human–environment 
interactions at a short-lived Arctic mine and the long-term response of the local tundra 
vegetation. Polar Record, 57, e3. https://doi.org/10.1017/S0032247420000418 

Krzyszowska, A. J. (1989). Human impact on tundra environment at the Ny-Ålesund 
Station, Svalbard. Polar Research, 7(2), 119–131. 
https://doi.org/10.3402/polar.v7i2.6836 

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmerTest Package: Tests 
in Linear Mixed Effects Models. Journal of Statistical Software, 82(13). 
https://doi.org/10.18637/jss.v082.i13 

Lang, S. I., Cornelissen, J. H. C., Shaver, G. R., Ahrens, M., Callaghan, T. V., Molau, U., 
Ter Braak, C. J. F., Hölzer, A., & Aerts, R. (2012). Arctic warming on two continents has 
consistent negative effects on lichen diversity and mixed effects on bryophyte diversity. 
Global Change Biology, 18(3), 1096–1107. https://doi.org/10.1111/j.1365-
2486.2011.02570.x 



Lenth, R. V., & Piaskowski, J. (2017). emmeans: Estimated Marginal Means, aka Least-
Squares Means (p. 2.0.1) [Dataset]. https://doi.org/10.32614/CRAN.package.emmeans 

Leopold, B., & Magnússon, R. Í. (2024). Drone Orthomosaics &amp; DEMs Adventdalen 
&amp; Endalen summer 2024 (Version 1.0). DANS Data Station Physical and Technical 
Sciences. https://doi.org/10.17026/PT/7D5WRK 

Liddle, M. J. (1975). A theoretical relationship between the primary productivity of 
vegetation and its ability to tolerate trampling. Biological Conservation, 8(4), 251–255. 
https://doi.org/10.1016/0006-3207(75)90002-6 

Lipson, D. A., Zona, D., Raab, T. K., Bozzolo, F., Mauritz, M., & Oechel, W. C. (2012). 
Water-table height and microtopography control biogeochemical cycling in an Arctic 
coastal tundra ecosystem. Biogeosciences, 9(1), 577–591. https://doi.org/10.5194/bg-
9-577-2012 

Lund, M., Falk, J. M., Friborg, T., Mbufong, H. N., Sigsgaard, C., Soegaard, H., & Tamstorf, 
M. P. (2012). Trends in CO2 exchange in a high Arctic tundra heath, 2000–2010. Journal of 
Geophysical Research: Biogeosciences, 117(G2), 2011JG001901. 
https://doi.org/10.1029/2011JG001901 

Lund, M., Lafleur, P. M., Roulet, N. T., Lindroth, A., Christensen, T. R., Aurela, M., 
Chojnicki, B. H., Flanagan, L. B., Humphreys, E. R., Laurila, T., Oechel, W. C., Olejnik, J., 
Rinne, J., Schubert, P., & Nilsson, M. B. (2010). Variability in exchange of CO2 across 12 
northern peatland and tundra sites. Global Change Biology, 16(9), 2436–2448. 
https://doi.org/10.1111/j.1365-2486.2009.02104.x 

Magnússon, R. Í., Limpens, J., Van Huissteden, J., Kleijn, D., Maximov, T. C., Rotbarth, R., 
Sass-Klaassen, U., & Heijmans, M. M. P. D. (2020). Rapid Vegetation Succession and 
Coupled Permafrost Dynamics in Arctic Thaw Ponds in the Siberian Lowland Tundra. 
Journal of Geophysical Research: Biogeosciences, 125(7), e2019JG005618. 
https://doi.org/10.1029/2019JG005618 

Magnússon, R. Í., Schuuring, S., Hamm, A., Verhoeven, M. A., Limpens, J., Loonen, M. J. 
E. E., & Lang, S. I. (2024). Limited sensitivity of permafrost soils to heavy rainfall across 
Svalbard ecosystems. Science of The Total Environment, 943, 173696. 
https://doi.org/10.1016/j.scitotenv.2024.173696 

Magnússon, R. Í., Verhoeven, M. A., Lang, S. I., Schuuring, S., Van Den Dolder, M., 
Menheere, C., & Limpens, J. (2026). Seasonal timing and preceding moisture regime 
mediate impacts of heavy rainfall events on High Arctic plant growth. Journal of Ecology, 
114(1), e70237. https://doi.org/10.1111/1365-2745.70237 

Matveyeva, N., & Chernov, Y. (2000). Biodiversity of Terrestrial Ecosystems. In The Arctic. 
Routledge. 



Mbufong, H. N., Lund, M., Aurela, M., Christensen, T. R., Eugster, W., Friborg, T., Hansen, 
B. U., Humphreys, E. R., Jackowicz-Korczynski, M., Kutzbach, L., Lafleur, P. M., Oechel, 
W. C., Parmentier, F. J. W., Rasse, D. P., Rocha, A. V., Sachs, T., Van Der Molen, M. K., & 
Tamstorf, M. P. (2014). Assessing the spatial variability in peak season CO2 exchange 
characteristics across the Arctic tundra using a light response curve parameterization. 
Biogeosciences, 11(17), 4897–4912. https://doi.org/10.5194/bg-11-4897-2014 

Miner, K. R., Turetsky, M. R., Malina, E., Bartsch, A., Tamminen, J., McGuire, A. D., Fix, A., 
Sweeney, C., Elder, C. D., & Miller, C. E. (2022). Permafrost carbon emissions in a 
changing Arctic. Nature Reviews Earth & Environment, 3(1), 55–67. 
https://doi.org/10.1038/s43017-021-00230-3 

Misund, O. A. (2017). Academia in Svalbard: An increasingly important role for research 
and education as tools for Norwegian policy. Polar Research, 36(1), 1308131. 
https://doi.org/10.1080/17518369.2017.1308131 

Misund, O. A., Aksnes, D. W., Christiansen, H. H., & Arlov, T. B. (2017). A Norwegian 
pillar in Svalbard: The development of the University Centre in Svalbard (UNIS). Polar 
Record, 53(3), 233–244. https://doi.org/10.1017/S0032247417000018 

Moene, A. F., & Van Dam, J. C. (2014). Transport in the atmosphere-vegetation-soil 
continuum (1st ed). Cambridge university press. 

Monz, C. A. (2002). The response of two arctic tundra plant communities to human 
trampling disturbance. Journal of Environmental Management, 64(2), 207–217. 
https://doi.org/10.1006/jema.2001.0524 

Muraoka, H., Noda, H., Uchida, M., Ohtsuka, T., Koizumi, H., & Nakatsubo, T. (2008). 
Photosynthetic characteristics and biomass distribution of the dominant vascular plant 
species in a high Arctic tundra ecosystem, Ny-Ålesund, Svalbard: Implications for their 
role in ecosystem carbon gain. Journal of Plant Research, 121(2), 137–145. 
https://doi.org/10.1007/s10265-007-0134-8 

Muraoka, H., Uchida, M., Mishio, M., Nakatsubo, T., Kanda, H., & Koizumi, H. (2002). 
Leaf photosynthetic characteristics and net primary production of the polar willow ( 
Salix polaris ) in a high arctic polar semi-desert, Ny-Ålesund, Svalbard. Canadian 
Journal of Botany, 80(11), 1193–1202. https://doi.org/10.1139/b02-108 

Myers-Smith, I. H., Kerby, J. T., Phoenix, G. K., Bjerke, J. W., Epstein, H. E., Assmann, J. J., 
John, C., Andreu-Hayles, L., Angers-Blondin, S., Beck, P. S. A., Berner, L. T., Bhatt, U. S., 
Bjorkman, A. D., Blok, D., Bryn, A., Christiansen, C. T., Cornelissen, J. H. C., Cunliffe, A. 
M., Elmendorf, S. C., … Wipf, S. (2020). Complexity revealed in the greening of the 
Arctic. Nature Climate Change, 10(2), 106–117. https://doi.org/10.1038/s41558-019-
0688-1 



Nakatsubo, T., Hirota, M., Kishimoto-Mo, A. W., Oura, N., & Uchida, M. (2023). Carbon 
exchange and primary production in a High-Arctic peatland in Svalbard. Polar Research, 
42. https://doi.org/10.33265/polar.v42.8541 

Nakatsubo, T., Uchida, M., Sasaki, A., Kondo, M., Yoshitake, S., & Kanda, H. (2015). 
Carbon accumulation rate of peatland in the High Arctic, Svalbard: Implications for 
carbon sequestration. Polar Science, 9(2), 267–275. 
https://doi.org/10.1016/j.polar.2014.12.002 

Neby, M., Semenchuk, P., Neby, E., & Cooper, E. J. (2022). Comparison of methods for 
revegetation of vehicle tracks in High Arctic tundra on Svalbard. Arctic Science, 8(3), 
1006–1025. https://doi.org/10.1139/as-2021-0016 

Newsham, K. K., Danielsen, B. K., Biersma, E. M., Elberling, B., Hillyard, G., Kumari, P., 
Priemé, A., Woo, C., & Yamamoto, N. (2022). Rapid Response to Experimental Warming 
of a Microbial Community Inhabiting High Arctic Patterned Ground Soil. Biology, 11(12), 
1819. https://doi.org/10.3390/biology11121819 

Observations and weather statistics. (n.d.). Retrieved 13 November 2025, from 
https://seklima.met.no/ 

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., 
O’Hara, R. B., Solymos, P., Stevens, M. H. H., Szoecs, E., Wagner, H., Barbour, M., 
Bedward, M., Bolker, B., Borcard, D., Borman, T., Carvalho, G., Chirico, M., De Caceres, 
M., … Weedon, J. (2001). vegan: Community Ecology Package (p. 2.7-2) [Data set]. 
https://doi.org/10.32614/CRAN.package.vegan 

Olivas, P. C., Oberbauer, S. F., Tweedie, C. E., Oechel, W. C., & Kuchy, A. (2010). 
Responses of CO2 flux components of Alaskan Coastal Plain tundra to shifts in water 
table. Journal of Geophysical Research: Biogeosciences, 115(G4), 2009JG001254. 
https://doi.org/10.1029/2009JG001254 

Petit Bon, M., Hansen, B. B., Loonen, M. J. J. E., Petraglia, A., Bråthen, K. A., Böhner, H., 
Layton-Matthews, K., Beard, K. H., Le Moullec, M., Jónsdóttir, I. S., & Van Der Wal, R. 
(2023). Long-term herbivore removal experiments reveal how geese and reindeer shape 
vegetation and ecosystem  CO2  -fluxes in high- ARCTIC tundra. Journal of Ecology, 
111(12), 2627–2642. https://doi.org/10.1111/1365-2745.14200 

Phoenix, G. K., Bjerke, J. W., Björk, R. G., Blok, D., Bryn, A., Callaghan, T. V., 
Christiansen, C. T., Cunliffe, A. M., Davidson, S. J., Epstein, H. E., Loranty, M. M., Martin, 
A. C., Myers-Smith, I. H., Olofsson, J., Parker, T. C., Parmentier, F.-J. W., Stordal, F., 
Treharne, R., Tømmervik, H., & Voigt, C. (2025). Browning events in Arctic ecosystems: 
Diverse causes with common consequences. PLOS Climate, 4(1), e0000570. 
https://doi.org/10.1371/journal.pclm.0000570 



R Core Team. (2025). R: A Language and Environment for Statistical Computing 
[Computer software]. R Foundation for Statistical Computing. https://www.R-
project.org/ 

R Core Team. (2024). R: A Language and Environment for Statistical Computing. 
[Computer software]. R Foundation for Statistical Computing. https://www.R-
project.org/ 

Rantanen, M., Karpechko, A. Yu., Lipponen, A., Nordling, K., Hyvärinen, O., 
Ruosteenoja, K., Vihma, T., & Laaksonen, A. (2022). The Arctic has warmed nearly four 
times faster than the globe since 1979. Communications Earth & Environment, 3(1), 
168. https://doi.org/10.1038/s43247-022-00498-3 

Salmon, V. G., Soucy, P., Mauritz, M., Celis, G., Natali, S. M., Mack, M. C., & Schuur, E. A. 
G. (2016). Nitrogen availability increases in a tundra ecosystem during five years of 
experimental permafrost thaw. Global Change Biology, 22(5), 1927–1941. 
https://doi.org/10.1111/gcb.13204 

Schipperges, B. (1992). Patterns of CO2 gas-exchange and thallus water content in 
Arctic lichens along a ridge profile near Ny Alesund, Svalbard. Polar Research, 11(2), 
47–68. https://doi.org/10.1111/j.1751-8369.1992.tb00412.x 

Schrama, M., Heijning, P., Bakker, J. P., Van Wijnen, H. J., Berg, M. P., & Olff, H. (2013). 
Herbivore trampling as an alternative pathway for explaining differences in nitrogen 
mineralization in moist grasslands. Oecologia, 172(1), 231–243. 
https://doi.org/10.1007/s00442-012-2484-8 

Santin-Janin, H., Garel, M., Chapuis, J.-L., & Pontier, D. (2009). Assessing the 
performance of NDVI as a proxy for plant biomass using non-linear models: A case 
study on the Kerguelen archipelago. Polar Biology, 32(6), 861–871. 
https://doi.org/10.1007/s00300-009-0586-5 

Schuur, E. A. G., McGuire, A. D., Schädel, C., Grosse, G., Harden, J. W., Hayes, D. J., 
Hugelius, G., Koven, C. D., Kuhry, P., Lawrence, D. M., Natali, S. M., Olefeldt, D., 
Romanovsky, V. E., Schaefer, K., Turetsky, M. R., Treat, C. C., & Vonk, J. E. (2015). 
Climate change and the permafrost carbon feedback. Nature, 520(7546), 171–179. 
https://doi.org/10.1038/nature14338 

Schuuring, S., Halvorsen, R., Bronken Eidesen, P., Niittynen, P., Kemppinen, J., & Lang, 
S. I. (2024). High Arctic Vegetation Communities With a Thick Moss Layer Slow Active 
Layer Thaw. Journal of Geophysical Research: Biogeosciences, 129(8), e2023JG007880. 
https://doi.org/10.1029/2023JG007880 

See, C. R., Virkkala, A.-M., Natali, S. M., Rogers, B. M., Mauritz, M., Biasi, C., Bokhorst, 
S., Boike, J., Bret-Harte, M. S., Celis, G., Chae, N., Christensen, T. R., Murner, S. J., 
Dengel, S., Dolman, H., Edgar, C. W., Elberling, B., Emmerton, C. A., Euskirchen, E. S., … 



Schuur, E. A. G. (2024). Decadal increases in carbon uptake offset by respiratory losses 
across northern permafrost ecosystems. Nature Climate Change, 14(8), 853–862. 
https://doi.org/10.1038/s41558-024-02057-4 

Seer, F. K., Irmler, U., & Schrautzer, J. (2015). Effects of trampling on beach plants at the 
Baltic Sea. Folia Geobotanica, 50(4), 303–315. https://doi.org/10.1007/s12224-015-
9230-z 

Sherman, C., Unc, A., Doniger, T., Ehrlich, R., & Steinberger, Y. (2019). The effect of 
human trampling activity on a soil microbial community at the Oulanka Natural 
Reserve, Finland. Applied Soil Ecology, 135, 104–112. 
https://doi.org/10.1016/j.apsoil.2018.11.013 

Sokolickova, Z., Meyer, A., & Vlakhov, A. V. (2022). Changing Svalbard: Tracing 
interrelated socio-economic and environmental change in remote Arctic settlements. 
Polar Record, 58, e23. https://doi.org/10.1017/S0032247422000213 

Solheim, B., Endal, A., & Vigstad, H. (1996). Nitrogen fixation in Arctic vegetation and 
soils from Svalbard, Norway. Polar Biology, 16(1), 35–40. 
https://doi.org/10.1007/BF02388733 

Sørensen, L. I., Mikola, J., Kytöviita, M.-M., & Olofsson, J. (2009). Trampling and Spatial 
Heterogeneity Explain Decomposer Abundances in a Sub-Arctic Grassland Subjected to 
Simulated Reindeer Grazing. Ecosystems, 12(5), 830–842. 
https://doi.org/10.1007/s10021-009-9260-6 

Strand, S. M., Christiansen, H. H., Johansson, M., Åkerman, J., & Humlum, O. (2021). 
Active layer thickening and controls on interannual variability in the Nordic Arctic 
compared to the circum-Arctic. Permafrost and Periglacial Processes, 32(1), 47–58. 
https://doi.org/10.1002/ppp.2088 

Street, L. E., Shaver, G. R., Williams, M., & Van Wijk, M. T. (2007). What is the 
relationship between changes in canopy leaf area and changes in photosynthetic CO2 
flux in arctic ecosystems? Journal of Ecology, 95(1), 139–150. 
https://doi.org/10.1111/j.1365-2745.2006.01187.x 

Streletskiy, D., Noetzli, J., Smith, S. L., Vieira, G., Schoeneich, P., Hrbacek, F., & Irrgang, 
A. M. (2022). Measurement Recommendations and Guidelines for the Global Terrestrial 
Network for Permafrost (GTN-P).  

Striker, G. g., Mollard, F. p. o., Grimoldi, A. a., León, R. j. c., & Insausti, P. (2011). 
Trampling enhances the dominance of graminoids over forbs in flooded grassland 
mesocosms. Applied Vegetation Science, 14(1), 95–106. https://doi.org/10.1111/j.1654-
109X.2010.01093.x 



Studlar, S. M. (1980). Trampling Effects on Bryophytes: Trail Surveys and Experiments. 
The Bryologist, 83(3), 301. https://doi.org/10.2307/3242440 

Sysselmesteren på Svalbard. (2024, November 12). New environmental regulations 
enters into force on 1 January. https://www.sysselmesteren.no/en/news/2024/12/new-
environmental-regulations-enters-into-force-on-1-january/ 

Tejedo, P., Pertierra, L. R., Benayas, J., Convey, P., Justel, A., & Quesada, A. (2012). 
Trampling on maritime Antarctica: Can soil ecosystems be effectively protected through 
existing codes of conduct? Polar Research, 31(1), 10888. 
https://doi.org/10.3402/polar.v31i0.10888 

Tidyverse. Journal of Open Source Software, 4(43), 1686. 
https://doi.org/10.21105/joss.01686 

The Kugluk Project Team, Allard, M., Coulombe, S., Ducharme, M.-A., Bilodeau, S., 
Adjun, L., Papatsie, L., Attatahak, G., & Gagnon, S. (2025). Permafrost characterization, 
mapping, modelling, and knowledge sharing in support of construction of community 
roads and trails over sensitive tundra. Kugluktuk, Nunavut, Canada. Arctic Science, 11, 
1–19. https://doi.org/10.1139/as-2025-0004 

Tomczyk, A., & Ewertowski, M. (2010). Changes of Arctic landscape due to human 
impact, north part of Billefjorden area, Svalbard. QUAGEO, 29(1), 75–83. 
https://doi.org/10.2478/v10117-010-0008-3 

Tuomi, M., Väisänen, M., Ylänne, H., Brearley, F. Q., Barrio, I. C., Anne Bråthen, K., 
Eischeid, I., Forbes, B. C., Jónsdóttir, I. S., Kolstad, A. L., Macek, P., Petit Bon, M., Speed, 
J. D. M., Stark, S., Svavarsdóttir, K., Thórsson, J., & Bueno, C. G. (2020). Stomping in 
silence: Conceptualizing trampling effects on soils in polar tundra. Functional Ecology, 
35(2), 306–317. https://doi.org/10.1111/1365-2435.13719 

Uchida, M., Muraoka, H., Nakatsubo, T., Bekku, Y., Ueno, T., Kanda, H., & Koizumi, H. 
(2002). Net Photosynthesis, Respiration, and Production of the Moss Sanionia uncinata 
on a Glacier Foreland in the High Arctic, Ny-Ålesund, Svalbard. Arctic, Antarctic, and 
Alpine Research, 34(3), 287–292. https://doi.org/10.1080/15230430.2002.12003496 

Van Den Broek, D., Urbancic, G. H., Rantanen, M., & Vihma, T. (2025). Svalbard’s 
Record-Breaking Arctic Summer 2024: Anomalies Beyond Climatological Warming 
Trends. Geophysical Research Letters, 52(8), e2025GL115015. 
https://doi.org/10.1029/2025GL115015 

Van Der Wal, R., & Brooker, R. w. (2004). Mosses mediate grazer impacts on grass 
abundance in arctic ecosystems. Functional Ecology, 18(1), 77–86. 
https://doi.org/10.1111/j.1365-2435.2004.00820.x 



Visit Svalbard. (2018). Statistikk fra Visit Svalbard AS [Data set]. 
https://en.visitsvalbard.com/dbimgs/StatistikkfraVisitSvalbardASper2018forweb.pdf 

Wang, P., Limpens, J., Mommer, L., Van Ruijven, J., Nauta, A. L., Berendse, F., 
Schaepman-Strub, G., Blok, D., Maximov, T. C., & Heijmans, M. M. P. D. (2017). Above- 
and below-ground responses of four tundra plant functional types to deep soil heating 
and surface soil fertilization. Journal of Ecology, 105(4), 947–957. 
https://doi.org/10.1111/1365-2745.12718 

West, M. H., & Maxted, A. P. (2000). An assessment of tundra degradation resulting from 
the presence of a field camp in Kongsfjorden, Svalbard. Polar Record, 36(198), 203–210. 
https://doi.org/10.1017/S0032247400016466 

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., François, R., Grolemund, 
G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T., Miller, E., Bache, S., Müller, K., 
Ooms, J., Robinson, D., Seidel, D., Spinu, V., … Yutani, H. (2019). Welcome to the  

Wilkman, E., Zona, D., Tang, Y., Gioli, B., Lipson, D. A., & Oechel, W. (2018). Temperature 
Response of Respiration Across the Heterogeneous Landscape of the Alaskan Arctic 
Tundra. Journal of Geophysical Research: Biogeosciences, 123(7), 2287–2302. 
https://doi.org/10.1029/2017JG004227 

Williams, M., Street, L. E., Van Wijk, M. T., & Shaver, G. R. (2006). Identifying Differences 
in Carbon Exchange among Arctic Ecosystem Types. Ecosystems, 9(2), 288–304. 
https://doi.org/10.1007/s10021-005-0146-y 

Windirsch, T., Forbes, B. C., Grosse, G., Wolter, J., Stark, S., Treat, C., Ulrich, M., Fuchs, 
M., Olofsson, J., Kumpula, T., Macias-Fauria, M., & Strauss, J. (2023). Impacts of 
Reindeer on Soil Carbon Storage in the Seasonally Frozen Ground of Northern Finland: A 
Pilot Study. Boreal Environment Research, 28, 207–226. 

Zona, D., Lafleur, P. M., Hufkens, K., Gioli, B., Bailey, B., Burba, G., Euskirchen, E. S., 
Watts, J. D., Arndt, K. A., Farina, M., Kimball, J. S., Heimann, M., Göckede, M., Pallandt, 
M., Christensen, T. R., Mastepanov, M., López-Blanco, E., Dolman, A. J., Commane, R., 
… Oechel, W. C. (2023). PAN-ARCTIC soil moisture control on tundra carbon 
sequestration and plant productivity. Global Change Biology, 29(5), 1267–1281. 
https://doi.org/10.1111/gcb.16487 

Zona, D., Lipson, D. A., Zulueta, R. C., Oberbauer, S. F., & Oechel, W. C. (2011). 
Microtopographic controls on ecosystem functioning in the Arctic Coastal Plain. Journal 
of Geophysical Research, 116, G00I08. https://doi.org/10.1029/2009JG001241 

 

 

 



Appendix 1: Species Composition Groupings 
Table S1: All species recorded during the vegetation composition measurements. The 
second column represents the detailed functional grouping (Rúna Mágnusson, pers. 
comm.), and the final column represents a simple functional grouping as used in the 
aboveground biomass and vegetation heights analyses. 

Species as recorded Detailed Plant 
Functional Group 

Simple Plant 
Functional Group 

Festuca rubra Grasses Graminoids 

Poa Arctica Grasses Graminoids 

Alopecurus ovatus Grasses Graminoids 

Calamagrostis neglecta Grasses Graminoids 

Dupontia fisheri Grasses Graminoids 

Luzula nivalis Rushes Graminoids 

Luzula confusa Rushes Graminoids 

Eriophorum scheuchzeri Sedges Graminoids 

Carex subspathacea Sedges Graminoids 

Salix polaris Deciduous Shrubs Shrubs 

Dryas octopetala Evergreen Shrubs Shrubs 

Bistorta vivipara Forbs Forbs 

Stellaria longipes Forbs Forbs 

Pedicularis hirsuta Forbs Forbs 

Coptidium spitsbergense Forbs Forbs 

Equisetum sp. Equisetales Equisetales/Horsetails 

Tomentypnum nitens Hypnales Bryophyte/Mosses 

Sanionia uncinata Hypnales Bryophyte/Mosses 

Pleurozium schreberi Hypnales Bryophyte /Mosses 

Hylocomium splendens Hypnales Bryophyte /Mosses 

Polytrichum sp. Polytrichales Bryophyte/Mosses 

Bryales sp. Bryales Bryophyte/Mosses 



Dicranales sp. Dicranales Bryophyte/Mosses 

Aulacomnium palustre Aulacomniales Bryophyte/Mosses 

Aulacomnium turgidum Aulacomniales Bryophyte/Mosses 

Leafy Liverworts Leafy Liverworts Bryophyte/Mosses 

Peltigera sp. Lichens Lichens 

Cryptogamic Crust Cryptogamic Crust Lichens 

 

  



Appendix 2: Statistical Outputs for Permafrost 
Properties & CO2 Fluxes 
Table S2: Overview of fitted LMMs to assess the impact of trampling (intensity) and local environmental 
factors on permafrost properties. Response variables were expressed as difference between pristine and 
trampled plot. Interactions between two variables are denoted by a colon. Full models represent fitted 
models before backward model selection, parsimonious models represent the most parsimonious 
models after backward model selection. 

Response Model Fixed effects Random effect intercept 

Thaw depth 

Full 

site, 
measurement week (factorial), 
snowmelt date 
trampling intensity,  
OLT,  
bulk density,  
soil moisture,  
trampling intensity : OLT, 
trampling intensity : bulk density, 
trampling intensity : soil moisture 

Plot pair nested in site 

Parsimonious 

site, 
measurement week (factorial), 
trampling intensity,  
OLT,  
soil moisture,  
trampling intensity : OLT 

Plot pair nested in site 

n-factor 

Full 

site, 
trampling intensity,  
OLT,  
bulk density,  
soil moisture, 
trampling intensity : OLT, 
trampling intensity : bulk density, 
trampling intensity : soil moisture 

- 

Parsimonious 

site, 
trampling intensity,  
bulk density,  
trampling intensity : bulk density 

- 

Elevation 

Full 

site, 
trampling intensity,  
OLT,  
bulk density,  
soil moisture, 
trampling intensity : OLT, 
trampling intensity : bulk density, 
trampling intensity : soil moisture 

- 

Parsimonious 

site, 
trampling intensity,  
OLT,  
bulk density,  
soil moisture, 
trampling intensity : bulk density 

- 

 



Table S3: Overview of fitted GLMMs to assess the impact of trampling on GPP and ER. GLMMs were fitted 
with gamma distribution and log-link. 

Response Fixed effects Random effect intercept 

GPP300 

Treatment (levels: trampled, pristine), 
Site, 
Treatment * site, 
Season (levels: early, peak) 

Plot pair nested in site 

Ecosystem 
respiration 

Treatment (levels: trampled, pristine), 
Site, 
Treatment * site, 
Season (levels: early, peak) 

Plot pair nested in site 

 

 

Figure S1: Visualisation maximum PPFD available to identify cutoff values for modelling. Red line 
corresponds to PPFD of 300 µmol m-1 s-1 

 

 

Table S4: Proportion of plots with predicted values for PPFD of 300, 350, 400 and 600 µmol m-1 s-1 

Season GPP300 GPP350 GPP400 GPP600 Number of plots 
early 0.983 0.966 0.864 0.559 59 
peak 0.789 0.719 0.614 0.281 57 

 

 

Text S1: Review of light saturation values for High Arctic tundra vegetation 

GPP rates vary with light intensity and showing saturation dynamics with a linear phase, 
during which light availability is limiting GPP, and a saturation phase, during which 
physiological properties but not light availability are limiting GPP rates. The intensity at 
which light saturation occurs shows geographic patterns, with vegetation at higher 



latitudes reaching light saturation at lower intensities (Mbufong et al., 2014). To 
compare GPP rates, ideally rates would be compared under light saturation and not in 
the linear range of LRCs, which corresponds to PPFD of around 450 µmol m-1 s-1 PPFD 
for High Arctic communities (Mbufong et al., 2014). However, light saturation points vary 
between plant functional groups and species (Cannone et al., 2016; Muraoka et al., 
2008), with lichens and mosses often reaching light saturation at much lower values 
(Douma et al., 2007; Schipperges, 1992). Additionally, even though most plant 
communities and species reach light saturation at light intensities around 450 µmol m-1 
s-1 PPFD, the linear phase of LRCs rarely exceeds 300 µmol m-1 s-1 PPFD so that rates 
only show minor changes between 300-450 µmol m-1 s-1 PPFD (Cannone et al., 2016; 
Douma et al., 2007; Muraoka et al., 2002, 2008; Nakatsubo et al., 2023, 2023; 
Schipperges, 1992). 

 

 

 

Figure S3: GPP400 responses to human trampling across three sites and comparing early and peak 
season. Graphs visualise raw data, whilst ratios and p-values of EMM pairwise contrasts are shown in 
(TABLE). 

 

  

Magnusson, Runa
Nice to include the p values

Magnusson, Runa
It would be good to mention for other figures as well, even if no significance is found, then maybe add p > 0.05 for consistency and include it in the captions there as well.



Table S5: EMM results for GPP400 and ER across three sites. Ratios are given with standard error. 

Parameter Site Ratio 
(pristine/trampled) z-ratio p-value 

GPP400 
Loess terrace 0.46 ± 0.062 -5.78 <0.0001 
Polygonal tundra 0.95 ± 0.13 -0.38 0.70 
North-facing slope 1.29 ± 0.16 2.062 <0.05 

 

 

Table S6: EMM results for GPP300 and ER compared between seasons. Ratios are given with standard 
error. 

Parameter Ratio (early/high) z-ratio p-value 
GPP400 0.66 ± 0.053 -5.25 <0.0001 

 

 

Table S7: Comparison of model fits for GPP300 with and without treatment-season interaction. npar 
represents number of model parameters 

Model npar AIC BIC logLik -2*logLik Chisq DF Pr(>Chisq) 
without 
treatment:season 

10 422.27 448.62 -201.13 402.27 
   

with 
treatment:season 

11 424.26 453.24 -201.13 402.26 0.0099 1 0.9207 

 

Table S8: Comparison of model fits for ER with and without treatment-season interaction. npar represents 
number of model parameters 

Model npar AIC BIC logLik -2*logLik Chisq DF Pr(>Chisq) 
without 
treatment:season 

10 1912.5 1954.3 -946.25 1892.5 
   

with 
treatment:season 

11 1913.3 1959.3 -945.68 1891.3 1.1556 1 0.2824 

 

Hiel, Clara
Move tables to supplements. Ratios and p-values are also shown in figures

Magnusson, Runa
Why would you compare net GPP and ER between seasons, and not study a treatment:season interaction? 



 

Figure S4: Local environmental factors at the three study sites. Dots represent individual plots, grey lines 
connect plots within a plot pair. a) Organic layer thickness, b) bulk density, c) volumetric soil moisture 
across the vegetation season from May 29th 2025 (week 1) until August 23rd 2025 (week 13) 

  

Hiel, Clara
Adjust font sizes

Magnusson, Runa
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Since these are the ‘baseline variables’, the main thing I want to take the reader away from this is the directions of the grey lines and the different scales of the y-axes between sites. I didn’t do any statistical tests on them and don’t have significances to report here. I also think adding means would be nice, but I haven’t been able to come up with a visualisation that doesn’t look too crowded



Table S9: EMMs of differences in TD between pristine and trampled plots for each site and measurement 
week (week 1: May 29th 2025, week 13: August 23rd 2025), whilst controlling for other covariates at mean 
values. 

Site Week EMM SE df CI 
(lower) 

CI 
(upper) 

t-ratio p-value 

Lo
es

s 
te

rr
ac

e 

wk1 -2.401 1.49 44.6 -6.02 1.217904 -1.611 0.2393 
wk11 -1.580 1.52 47.1 -5.25 2.088257 -1.043 0.5405 
wk13 -1.746 1.52 47.9 -5.43 1.937650 -1.147 0.4733 
wk2 -2.956 1.49 44.5 -6.58 0.664646 -1.982 0.1239 
wk3 -3.567 1.48 42.7 -7.15 0.018199 -2.418 0.0515 
wk4 -3.600 1.48 43.4 -7.20 0.000974 -2.430 0.0499 
wk5 -2.951 1.49 43.8 -6.56 0.653930 -1.986 0.1231 
wk6 -3.371 1.49 44.7 -7.00 0.260518 -2.255 0.0718 
wk7 -3.659 1.50 45.8 -7.30 -0.014280 -2.433 0.0491 
wk8 -3.220 1.51 46.5 -6.88 0.438355 -2.133 0.0922 
wk9 -1.368 1.51 46.6 -5.03 2.291061 -0.906 0.6359 

Po
ly

go
na

l t
un

dr
a 

wk1 -0.136 1.29 66 -3.32 3.050205 -0.105 1.0000 
wk11 0.685 1.25 58.7 -2.41 3.775458 0.549 0.9423 
wk13 0.519 1.25 58.9 -2.57 3.610752 0.416 0.9877 
wk2 -0.691 1.26 60.8 -3.81 2.428804 -0.548 0.9429 
wk3 -1.302 1.26 59.4 -4.41 1.804394 -1.037 0.5987 
wk4 -1.335 1.24 56.9 -4.41 1.737176 -1.076 0.5711 
wk5 -0.686 1.25 57.9 -3.77 2.396763 -0.551 0.9413 
wk6 -1.105 1.24 56.8 -4.17 1.961926 -0.892 0.7046 
wk7 -1.394 1.25 58.1 -4.48 1.688046 -1.119 0.5416 
wk8 -0.955 1.25 58.6 -4.05 2.137328 -0.764 0.8010 
wk9 0.897 1.25 58.6 -2.19 3.987421 0.718 0.8349 

N
or

th
-f

ac
in

g 
sl

op
e 

wk1 -1.424 2.05 39.6 -6.22 3.373904 -0.694 0.7117 
wk11 -0.603 2.03 38.2 -5.36 4.157057 -0.297 0.9821 
wk13 -0.768 2.03 38.3 -5.53 3.990589 -0.378 0.9439 
wk2 -1.979 2.04 38.5 -6.75 2.789316 -0.972 0.5178 
wk3 -2.590 2.00 36 -7.28 2.104824 -1.294 0.3352 
wk4 -2.623 1.99 35.5 -7.31 2.059339 -1.316 0.3249 
wk5 -1.974 2.02 37 -6.70 2.750967 -0.979 0.5137 
wk6 -2.393 2.01 36.8 -7.11 2.325527 -1.189 0.3894 
wk7 -2.682 2.03 37.8 -7.43 2.063132 -1.323 0.3207 
wk8 -2.242 2.03 38.2 -7.00 2.511034 -1.104 0.4369 
wk9 -0.391 2.03 38.2 -5.14 4.362846 -0.192 0.9990 

 

  



Table S10: EMMs of differences in n-factors between pristine and trampled plots for each site whilst 
controlling for other covariates at mean values. 

Site EMM SE df CI (lower) CI (upper) t-ratio p-value 
Loess terrace -0.0496 0.0311 19 -0.1300 0.030937 -1.595 0.3145 
Polygonal 
tundra 

-0.0372 0.0220 19 -0.0941 0.019752 -1.692 0.2701 

North-facing 
slope 

-0.0877 0.0338 19 -0.1751 -0.000189 -2.596 0.0497 

 

 

Table S11: EMMs of differences in elevation between pristine and trampled plots for each site whilst 
controlling for other covariates at mean values. 

Site EMM SE df CI (lower) CI (upper) t-ratio p-value 
Loess terrace 0.0233 0.0205 21 -0.0291 0.0757 1.138 0.5667 
Polygonal 
tundra 

0.0563 0.0128 21 0.0237 0.0890 4.411 0.0007 

North-facing 
slope 

-0.0789 0.0202 21 -0.1306 -0.0272 -3.904 0.0023 

 

 

Table S12: Type III ANOVA table of parsimonious model of TD 

 Sum of 
squares 

Mean sum 
of squares 

Numerator 
DF 

Denominator 
DF F-value p-value 

Site 14.95 7.474 2 39.27 0.7270 0.48977 
Trampling intensity 0.14 0.142 1 22.84 0.0138 0.90735 
Soil moisture 54.53 54.526 1 732.42 5.3049 0.02155 
OLT 23.21 23.211 1 26.40 2.2582 0.14477 
Week 417.59 41.759 10 713.63 4.0627 0.00002 
Trampling intensity: 
OLT 44.01 44.012 1 25.60 4.2820 0.04875 

 

 

Table S13: Type III ANOVA table of parsimonious model of n-factors 

 Sum of squares DF F-value p-value 
Intercept 0.006944 1 2.1680 0.15728 
Site 0.004514 2 0.7047 0.50673 
Trampling intensity 0.009710 1 3.0316 0.09783 
Bulk density 0.008241 1 2.5730 0.12520 
Trampling intensity: Bulk density 0.008586 1 2.6804 0.11804 
Residuals 0.060859 19   

 

  



Table S14: Type III ANOVA table of parsimonious model of soil subsidence 

 Sum of squares DF F-value p-value 
Intercept 0.054092 1 53.1997 3.51E-07 
Site 0.028350 2 13.9410 1.40E-04 
Trampling intensity 0.034702 1 34.1291 8.47E-06 
Soil moisture 0.013174 1 12.9567 1.69E-03 
OLT 0.004391 1 4.3185 5.02E-02 
Bulk density 0.034981 1 34.4041 8.02E-06 
Trampling intensity: Bulk density 0.022694 1 22.3199 1.15E-04 
Residuals 0.021352 21   

 

 

 

Figure S5: Visualisation of predicted differences in TD for regression parameters of parsimonious model. 
a) Predicted difference in TD plotted against baseline soil moisture content, b) Predicted difference in TD 
plotted against trampling intensity at different baseline OLT conditions (OLT shown at mean, mean – 1sd, 
mean + 1sd). Solid lines indicate significant relationship, ribbons represent 95% confidence intervals 

 

 



 

Figure S6: Visualisation of predicted differences in thawing n-factor for regression parameters of 
parsimonious model, plotted against trampling intensity at different baseline bulk densities (bulk density 
shown at mean, mean – 1sd, mean + 1sd and given as grams dry weight per 100 cc). Dashed lines 
indicate non-significant relationship, ribbons represent 95% confidence intervals 

 

 

 

Figure S7: Visualisation of predicted differences in elevation for regression parameters of parsimonious 
model. a) Predicted difference in elevation plotted against baseline OLT, b) Predicted difference in 
elevation plotted against baseline soil moisture, c) Predicted difference in TD plotted against trampling 
intensity at different baseline bulk densities (bulk density shown at mean, mean – 1sd, mean + 1sd and 
given as grams dry weight per 100 cc). Solid lines indicate significant relationship, ribbons represent 95% 
confidence intervals 

  



Table S15: EMM results for GPP300 and ER across three sites. Ratios are given with standard error. 

Parameter Site Ratio 
(pristine/trampled) z-ratio p-value 

GPP300 
Loess terrace 0.51 ± 0.076 -4.52 <0.0001 
Polygonal tundra 1.00 ± 0.13 -0.021 0.8 
North-facing slope 1.35 ± 0.19 2.092 <0.05 

ER 
Loess terrace 0.518 ± 0.03 -8.73 <0.0001 
Polygonal tundra 1.01 ± 0.071 0.147 0.88 
North-facing slope 0.816 ± 0.059 -2.82 <0.01 

 

 

Table S16: EMM results for GPP300 and ER compared between seasons. Ratios are given with standard 
error. 

Parameter Ratio (early/high) z-ratio p-value 
GPP300 0.64 ± 0.053 -5.41 <0.0001 
ER 0.89 ± 0.037 -2.2 <0.01 

 

 

  

Hiel, Clara
Move tables to supplements. Ratios and p-values are also shown in figures

Magnusson, Runa
Why would you compare net GPP and ER between seasons, and not study a treatment:season interaction? 



Appendix 3: Statistical Outputs for Vegetation Effects 

  

Figure 3: ANOVA-table and emmeans post-hoc output for the aboveground biomass 
LMM. 

Figure 4: ANOVA-table and emmeans post-hoc output for the vegetation heights LMM. The random 
factor “Round” is referred to in the methods as “Season”. 

 



 

 

 

Figure 6: ANOVA-tables for trampling intensity models. The first two models do not 
contain any significant term, therefore the ANOVA-tables are empty. From top to bottom 
the models are with aboveground biomass  vegetation heights and NDVI as response 

Figure 5: ANOVA-table and emmeans post-hoc output for the NDVI LMM. The second table shows 
post-hoc analysis for the interaction between location and trampling. The third table shows post-

          



 

Figure 7: PERMANOVA-SIMPER analysis for aboveground biomass data. The first table is the 
PERMANOVA output. The term for location does not show a reliable p-value here. The bottom three 
tables show SIMPER output per location to account for potential confounding effects from location. 



 

Figure 8: PERMANOVA-SIMPER analysis for vegetation heights data. The first table is the 
PERMANOVA output. The term for location does not show a reliable p-value here. The bottom 
three tables show SIMPER output per location to account for potential confounding effects 
from location. 

 



   

Figure 9: PERMANOVA-SIMPER analysis for 
vegetation community composition. The first 
table is the PERMANOVA output. The term for 
location does not show a reliable p-value here. 
The bottom three tables show SIMPER output per 
location to account for potential confounding 
effects from location. 

The vegetation community composition data in 
this analysis is grouped by individual species. See 
appendix 1 for more details about species 
groupings. 



 

 

Figure 10: PERMANOVA-SIMPER analysis for vegetation community composition. The first table is the 
PERMANOVA output. The term for location does not show a reliable p-value here. The bottom three tables 
show SIMPER output per location to account for potential confounding effects from location. 

The vegetation community composition data in this analysis is grouped by detailed plant functional groups. 
See appendix 2 for more details about species groupings. 

 



 

Figure 11: PERMANOVA-SIMPER analysis for vegetation community composition. The first table is 
the PERMANOVA output. The term for location does not show a reliable p-value here. The bottom 
three tables show SIMPER output per location to account for potential confounding effects from 
location. 

The vegetation community composition data in this analysis is grouped by basic plant functional 
groups. See appendix 2 for more details about species groupings. 
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