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In Arctic tundra, the majority of plant biomass is belowground. As temperatures 
increase and permafrost thaws, new soil volume containing nitrogen becomes available 
for plant roots, potentially leading to new plant–soil interactions. Whether or not dif-
ferent plant communities adapt their rooting depth distribution in response to increas-
ing active layer thickness, whether roots at depth are similar to shallow ones, and if 
deep-rooting species potentially redistribute thawed-out nitrogen into more shallow 
layers remains poorly understood. We studied root biomass, rooting-depth distribu-
tion, root dry matter content (RDMC), and 15N natural abundances in a low Arctic 
peatland. We did this in two plant communities, dominated either by the graminoid 
Eriophorum vaginatum or by various dwarf shrubs, each with either a shallow (51.3 
± 0.9 cm) or a deep (69.4 ± 1.9 cm) active layer. Root biomass declined sharply 
with depth but did not differ between plant communities or active layer thicknesses, 
although roots reached the thawfront. RDMC was unaffected by active layer thickness, 
but was lower in E. vaginatum and declined with depth for roots of both functional 
types. This suggests relatively more acquisitive roots with faster growth and shorter 
lifespan in deeper soils. Presence of the deep-rooting E. vaginatum increased foliar 
δ15N ratios of other species, indicating a potential redistribution of nitrogen in the soil 
column. Our results suggest that, despite the presence of deep-rooting plants and roots 
down to the thawfront in shallow and deep active layers, rooting depth distribution 
remains relatively constant. This indicates that an increase in deep roots in response 
to thawing permafrost is relatively species-specific and might not result in measurable 
differences in root biomass or its distribution, irrespective of plant community. The 
decreasing RDMC with depth illustrates that resource strategies vary not only among 
species but also with soil depth, with implications for carbon and nutrient cycling.
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Introduction

The Arctic is warming at a rate three to four times the global 
average (IPCC 2021, Rantanen et  al. 2022), altering plant 
community composition and rapidly thawing permafrost 
(Grosse  et  al. 2011, Biskaborn  et  al. 2019). When perma-
frost thaws, the uppermost, seasonally thawed part of the 
soil – the so-called ‘active layer’ – becomes thicker (Åkerman 
and Johansson 2008, Biskaborn  et  al. 2019, Strand  et  al. 
2021). This reduces restrictions on rooting depth and results 
in a larger soil volume which plants can exploit with their 
roots (Schenk and Jackson 2002, Iversen et al. 2015). About 
60–90% of plant biomass in Arctic ecosystems is located 
belowground (Iversen  et  al. 2015, Ma  et  al. 2021), thus, 
freshly available soil volume might have profound impact 
on the distribution of roots within the soil profile. Indeed, 
experimentally increased thaw depth positively stimulated 
root production and growth (Blume‐Werry et al. 2019). With 
the main portion of plant biomass belowground and roots 
being a large part of net primary production (Iversen et al. 
2015), increased root production or changes in rooting depth 
distribution in response to permafrost thaw may affect bio-
geochemical dynamics in northern ecosystems. In addition, 
roots influence soil carbon (C) and nitrogen (N) cycling via 
litter input and turnover rates (Clemmensen et al. 2013) and 
via rhizosphere processes like exudation (Loya  et  al. 2002, 
Spitzer et al. 2021), which in turn influence microbial com-
munities (Loya et al. 2002, Spitzer et al. 2021) and can lead 
to priming (Keuper et al. 2020). This could be particularly 
important if roots reach newly-thawed soil layers that have 
not been exposed to rhizosphere processes for hundreds or 
thousands of years. Changes in the vertical organization of 
root biomass can therefore result in altered plant–soil inter-
actions, which – at least in modelling studies – have been 
suggested to affect carbon emissions (Keuper  et  al. 2020, 
Blume-Werry  et  al. 2023). Yet, there is still only limited 
empirical evidence on how permafrost thawing affects below-
ground biomass and its depth distribution.

Tundra rooting profiles are generally very shallow, with 
50% of roots in the upper 9 cm and 90% of roots in the 
upper 29 cm (Schenk and Jackson 2002). Yet, as permafrost 
thaws, large amounts of plant-available N can become avail-
able in some newly thawed, deep soil layers, particularly in 
regions where these horizons contain substantial amounts 
of N, with up to seven times more N than upper active 
soil layers (Keuper et al. 2012, Salmon et al. 2016). Plants 
can generally proliferate roots into N-rich zones and adjust 
their uptake capacities (Hodge 2004); and, despite the gen-
eral gap between deep soil N pools released by permafrost 
thaw and the shallow-rooting profile of most Arctic plants, 
some species are capable of growing roots deep enough to 
access deep N pools upon thawing (Keuper  et  al. 2012, 
2017, Blume‐Werry  et  al. 2019), leading to increased bio-
mass production (Keuper et al. 2017). This means that as the 
active layer is thickening across the Arctic, potentially provid-
ing new N pools at depth, rooting depth distribution may 
change towards more roots deeper down in the soil profile 

as some plants take advantage of this newly available, rela-
tively N-rich soil volume. Even though a recent meta-analysis 
indicated that there is no difference in rooting depth distri-
bution between different Arctic plant communities (Blume-
Werry et al. 2023), whether and how strongly rooting depth 
distribution changes in relation to active layer thickness in 
situ may depend on plant community composition. Many 
graminoids, like the sedge Eriophorum vaginatum (L.) are 
not only deep-rooting and taking up deep N (Oulehle et al. 
2016), but also seem to have a considerable ability to adapt 
to altered environmental conditions (Wang  et  al. 2017). 
In contrast to that, many relatively small-statured dwarf 
shrubs, such as Empetrum nigrum or Vaccinium uliginosum, 
appear to have a comparatively static, shallow rooting system 
(Blume‐Werry et al. 2019) that might not change as active 
layer thickness increases. Nevertheless, it is still unclear how 
active layer thickness affects vertical root biomass distribu-
tion and whether the magnitude of this effect depends on the 
plant community. Given that current models that estimate 
Arctic carbon losses from plant–soil interactions assume dif-
ferent rooting depth distribution between vegetation types 
and changes therein in response to increasing active layer 
thickness (Keuper et al. 2020), this information is urgently 
needed to understand, and correctly model, high-latitude 
carbon dynamics.

Investing in new, deep roots comes at a cost for the plant, 
and the amount of resource investment is therefore part of 
a species’ resource allocation strategy (Chapin et  al. 1987). 
The root economics spectrum is a theoretical framework that 
examines the trade-offs and strategies plant species employ 
in allocating resources to their root systems (Reich 2014, 
Roumet  et  al. 2016). The amount of invested biomass per 
unit of root length, i.e. tissue density, lines up on a gradient 
of fast versus slow biomass accumulation which itself is char-
acterized as a resource-conservative versus resource-acquisi-
tive strategy (Kramer-Walter  et  al. 2016). Growing tissue 
with lower densities can be a low-cost strategy to explore and 
access a larger soil volume (Kramer-Walter et al. 2016), but 
comes at the cost of a shorter lifespan (Ryser 1996), which 
can be considered an acquisitive trait on the root economics 
spectrum (Freschet et al. 2010). Generally, the spectrum of 
conservative versus acquisitive resource allocation strategy is 
related to gradients of nutrient availability, and most species 
in nutrient-limited systems, such as Arctic tundra, are associ-
ated with conservative strategies (Kramer-Walter et al. 2016). 
Accordingly, roots of the commonly more resource-conser-
vative dwarf-shrub species tend to display a higher tissue 
density (Freschet et al. 2010). Yet, the Arctic graminoid E. 
vaginatum displays fast root growth with high turnover rates 
(Shaver and Billings 1975, Salmon et al. 2016), pointing to 
a relatively resource-acquisitive strategy. As the deeper parts 
of the active layer thaw for a shorter period of time than the 
upper layers, exploring deeper soil depths requires fast growth 
rates and low tissue densities – i.e. an explorative strategy. 
There might thus be variation in tissue density between spe-
cies and plant communities in Arctic tundra, and also along 
the vertical distribution of roots in the soil profile – both as 
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rooting depth differs between species, but also between indi-
vidual plants in response to how long the thawed soil volume 
is available each season.

Because of its high turnover rates, E. vaginatum also leads 
to high amounts of root litter input, which can largely increase 
overall root litter input rates, if the species becomes more 
abundant upon permafrost thaw (Blume‐Werry et al. 2019). 
This high input of fine root litter might be an important N 
source, as N from root litter is released immediately upon 
decomposition (Fornara et al. 2009) and plant growth in the 
tundra is particularly limited by nitrogen availability (van 
Cleve and Alexander 1981, Veen et al. 2015, Keuper et al. 
2017). Root litter input from one species in the commu-
nity can therefore affect the growth of co-occuring species 
(Meier  et  al. 2009). In the nutrient-poor upper soil layers 
of Arctic ecosystems, N input from root litter could poten-
tially have a fertilizing effect on adjacent shallow-rooting 
species, especially if it comes from a species with high root 
turnover and access to an additional N source. This fertil-
izing effect might be independent from N mineralization, as 
tundra plants can take up organic forms of nitrogen (Kielland 
1994, Schimel and Chapin 1996, Sorensen et al. 2008). Still, 
little is known about a possible vertical transportation of deep 
soil N via root litter from the deep-rooting E. vaginatum, or 
whether this redistribution is stronger when the active layer is 
deeper, and whether it impacts N uptake of adjacent shallow-
rooting species.

Here, we investigated the effects of differences in active 
layer thickness on root biomass, rooting-depth distribution, 
and plant nitrogen availability in two different low Arctic 
plant communities, dominated either by the graminoid E. 
vaginatum or by a mix of tundra dwarf shrubs. Specifically, 
we hypothesized that:

1) 	active-layer thickness affects root biomass and rooting-
depth distribution differently in the two plant com-
munities, where rooting-depth distribution of dwarf 
shrub-dominated plant communities is independent of 
active layer thickness, whereas E. vaginatum-dominated 
plant communities shift a greater proportion of roots in 
deeper soil layers when the active layer is deeper.

2) 	roots further down in the soil profile belong to resource-
acquisitive plants and have a lower root dry matter con-
tent (RDMC), as they have a shorter period of time for 
growth.

3) 	presence of the deep-rooting E. vaginatum promotes the 
uptake and subsequent re-distribution of permafrost-
released nitrogen, more strongly so when the active layer 
is deeper, thereby allowing access to permafrost-nitrogen 
for shallow-rooting species.

To test our hypotheses, we measured root biomass distri-
bution and RDMC in 10 cm depth increments down to the 
permafrost thawfront under plant communities dominated 
either by E. vaginatum or by a mixture of common dwarf 
shrubs. For each plant community type, we selected areas 
with either a more shallow active layer (around 50 cm), or 
a deeper active layer (around 70 cm), across a permafrost 

peatland in northern Sweden, and separated roots from E. 
vaginatum and all dwarf shrubs. Additionally, we harvested 
leaves of the six most common vascular plant species and ana-
lysed them for natural abundance of δ15N.

Material and methods

Study site
To assess the influence of increasing active layer thickness 
on plants’ belowground biomass production and nutrient 
uptake strategies, peat cores were sampled. Our study site was 
an ombrotrophic peatland underlain by permafrost located 
near Abisko, northern Sweden (‘Storflaket’, 68°20′50.1″N, 
18°58′28.4″E; Supporting information). Climatic condi-
tions at the site are characterized as low Arctic with a mean 
annual air temperature of 0.5°C (1991–2020) and a mean 
annual precipitation of 348 mm (1991–2020) (Swedish 
Meteorological and Hydrological Institute [SMHI]; www.
smhi.se). Soil properties are characterized by an organic 
matter content of 96% in the active layer and 34% in 
the permafrost (Väisänen  et  al. 2020). Dissolved organic 
nitrogen amounts to 0.02 mg g−1 SOM in the active layer 
(Väisänen et al. 2020).

The vegetation is dominated by the peatmoss Sphagnum 
fuscum (Schimp.) H. Klingg. and the vascular vegetation con-
sists of dwarf shrub-dominated patches including the species 
Empetrum nigrum spp. hermaphroditum ((Hagerup) Böcher), 
Betula nana (L.), Andromeda polifolia (L.), and Vaccinium 
uliginosum (L.). Additionally, there are patches dominated 
by the graminoid Eriophorum vaginatum (L.) with the above 
dwarf-shrub species occasionally proliferating into those 
patches. Both dwarf shrub- and E. vaginatum-dominated 
patches have the forb Rubus chamaemorus (L.) interspersed, 
which shares many commonalities with dwarf shrubs, such 
as low stature and clonal growth. The majority of the spe-
cies present very shallow roots, only reaching 10–30 cm 
as maximum rooting depth, whereas E. vaginatum and R. 
chamaemorus are relatively deep-rooting (Iversen et al. 2015).

Experimental design
Sampling was conducted in plots in a fully crossed two‑facto-
rial design, with either shallow or deep active layer thickness 
(averaging 51.3 ± 0.9 cm (mean ± SE) and 69.4 ± 1.9 cm, 
respectively; Supporting information) and being dominated 
either by the graminoid E. vaginatum or by dwarf-shrub spe-
cies. The total number of plots was 24, with six replicates in 
each treatment combination. It was ensured that each plot 
contained a high percentage of vegetation cover. Sampling 
took place from mid- to late September 2021, at the time 
of maximum thawing depth of the active layer (up to 90 cm 
depth).

Vertical distribution of root biomass
To analyse the vertical root biomass distribution, one root 
sample was taken in each plot with a rectangular stainless steel 
soil auger made for peatland soils (size 5.5 × 5.0 cm, length 
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1.0 m), between mid- and late September 2021. Before coring, 
active layer thickness was measured in each plot with a steel 
probe (1 cm diameter steel rod). To avoid compression of the 
topsoil layers in the core due to friction, the first 10 to 15 cm of 
soil were cut with a breadknife into rectangular shapes with the 
approximate size 10 × 10 cm. The soil core was then manually 
driven into the active layer for subsequent soil layers until it 
reached the permafrost table. After lifting the corer, peat which 
protruded past the edges of the corer was cut with a bread knife 
to fit the size of the core. Previously cut topsoil layers were then 
added to the soil core to produce the actual soil profile. The 
core was divided into depth increments every 10 cm. The soil 
core subsamples were then transferred into a plastic bag and 
stored in a refrigerator at +5°C until further processing.

Root washing and sorting was carried out by washing the 
samples free of organic soil in several trays filled with de-
ionized water, and dead roots were discarded. The distinction 
between living and dead roots was based on root colour and 
elasticity. To make the process more efficient, samples were 
processed for a standardized amount of time as recommended 
by Freschet et al. (2021). Processing time standardization was 
set according to the depth of the attended subsample. Topsoil 
was defined as the upper 40 cm of soil and these samples were 
processed for 60 min, whereas medium soil layers of 40 to 
60 cm depth were attended to for a maximum of 45 min 
and samples from deeper soil layers (> 60 cm depth) were 
washed for a maximum of 30 min. Root samples were pro-
cessed in a randomized manner, but as samples were taken 
week by week, the length of time between sampling and pro-
cessing was maintained. All washed roots were then removed 
from the tray, dried off, and placed on a paper towel. Roots 
were sorted according to morphological features and grouped 
into E. vaginatum roots – which are easily identified as they 
are white, thicker, and less branched than roots of the other 
species present (Proctor and He 2017) – and all other, dwarf-
shrub species roots (including R. chamaemorus). Immediately 
after sorting, fresh weight was analysed on a scale. Root bio-
mass was subsequently oven dried for 72 h at 70°C and dry 
root biomass was weighed. Root mass density per depth incre-
ment was estimated as gram (g) of dry root biomass per litre 
(l) calculated from the volume of the soil sample(5.5 × 5.0 × 
10.0 cm). Maximum rooting depth as the maximum depth at 
which roots occur (Freschet et al. 2021) was estimated for root 
types in the depth distribution of the respective treatments.

Root dry matter content
Assessing morphological root traits can serve to gain a bet-
ter understanding of roots’ belowground nutrient allocation 
strategies. In accordance with Birouste et al. (2014), RDMC 
was used as a proxy for root tissue density to describe plants’ 
resource acquisition strategies. RDMC is the ratio between 
dry root biomass and fresh root biomass and was therefore 
calculated from the biomass data.

Abiotic parameters
We measured C:N ratio over depth as an indicator of 
nitrogen mineralization and therefore nitrogen availability 

(Hobbie et al. 2002). Organic matter was manually collected 
from each of the peat core samples in 10 cm depth incre-
ments for elementary analysis. Samples were oven dried at 
70°C for 72 h and weighed before and after drying. Samples 
were subsequently ground and approximately 20 mg of soil 
was weighed into tin cups. Carbon and nitrogen content 
was estimated with an elementary analyser (Vario EL III, 
Elementar, Langenselbold, Germany) where acetanilide was 
used as a standard.

Natural abundance of 15N stable isotopes in foliar 
tissue and soil samples
To assess differences in nitrogen uptake capacities between 
shallow- and deep-rooting species, foliar biomass for the anal-
ysis of the natural abundance of 15N was collected. Natural 
abundance of 15N was described as:

�15 1000N
R R

R
�

��

�
�

�

�
��

sample standard

standard

where R is the ratio between 15N and 14N in the soil sample 
and in atmospheric air, which is used as standard (Robinson 
2001). Higher (positive) values of δ15N suggest an enrich-
ment in the heavier 15N isotope, while lower (negative) values 
suggest the sample to be 15N-depleted.

Sampling of foliar biomass took place between 9 and 12 
September 2021. Leaves were collected in a circle of approxi-
mately 20 cm diameter around the position where the soil 
core was taken. A minimum of 20 leaves of each of the fol-
lowing species were sampled to achieve a minimum of 20–30 
mg of dry biomass per sample: E. vaginatum, E. nigrum 
spp. hermaphroditum, B. nana, A. polifolia, R. chamaemorus, 
and V. uliginosum. Organic matter for the analysis of soil 
δ15N was manually collected from the peat core samples in 
10 cm depth increments. Prior to grinding, leaves and soil 
were oven-dried at 70°C for 72 h. We transferred 2–3 mg 
of the ground foliar material and approximately 5 mg of 
ground soil into tin cups, folded them into small balls, and 
put them on a 96 well culture tray. Foliar and soil δ15N was 
then analysed with an isotopic mass spectrometer (Delta XP 
Thermo Electron, Bremen Germany) with Conflo IV inter-
face (Thermo Electron, Bremen Germany) and an elementary 
analyser (Flash EA 1112 Thermo-Electron, Rodano, Milano, 
Italy) with acetanilide used as a standard.

Statistical analysis
Statistical analyses were performed in R ver. 4.5.2 (www.r-
project.org) and the RStudio interface (Posit team 2026). To 
determine whether the deep and shallow active layer treat-
ments differed in active layer thickness, a Welch-two-sample 
t-test with the measured actual active layer thickness was per-
formed. Shapiro–Wilk and Levene tests were performed to 
test for normal distributions and equality of variances of the 
data.

We used linear mixed-effects models (LMMs) combined 
with an analysis of variance (ANOVA) with soil δ15N [‰], 
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soil CN ratio, foliar δ15N [‰], root biomass distribution (g 
l−1), and RDMC as the response variables in the respective 
models. Active layer thickness (grouped into type shallow 
and type deep), plant community composition, soil depth 
(except for foliar δ15N), and their interactions were used as 
fixed factors. Plot was used as random factor in all LMMS 
to account for the dependence of leaf or soil samples in the 
same plot (from different species or depth increments). All 
LMMs were fitted with the ‘lme4’ package (Bates  et  al. 
2015). We additionally analysed root biomass distribution 
in a subset of E. vaginatum-dominated plots to determine 
whether there were differences in rooting depth distribution 
between shallow and deep active layer treatments for this 
specific species.

By design, maximum possible sampling depths differed 
between active layer types as we did not sample perma-
frost soil. To enable statistically balanced comparisons, we 
restricted depth-explicit analyses to subsets only including 
soil depth to 50 cm depth, which was present in both shallow 
and deep active layer plots. We further used complementary 
analysis of response variables integrated over the whole soil 
profile (total root biomass, and averages of soil CN ratio, soil 
δ15N, and RDMC) to evaluate whole-profile responses down 
to the permafrost, with linear models.

Our linear mixed-effects model ANOVA for RDMC 
was performed with a dataset that distinguished between 
dwarf-shrub (incl. R. chamaemorus) and E. vaginatum roots. 
Consequently, root type – i.e. roots from either dwarf shrubs 
or E. vaginatum – instead of plant community composition 
was used as fixed factor for this model. Foliar δ15N was mea-
sured from leaves of single species, thus the LMM model 
used active layer type, plant community composition, and 
species as fixed factors. To assess whether plant-available 
nitrogen is vertically redistributed by E. vaginatum, differ-
ences in foliar δ15N content between plant communities 
were analysed separately for the five shrub species in a sub-
set excluding E. vaginatum. As soil 15N showed a unimodal 
vertical depth pattern, we modelled depth with a quadratic 
term.

All models were reviewed for normality and homo-
geneity of residual variances as well as checked for 
zero-inflation and overdispersion. Model analysis was 
performed with the ‘dharma’ package (Hartig 2024). 
Log-transformation was performed for the variable root 
biomass [g l−1] and rank-transformation was performed 
for the variables RDMC, C:N ratio, and foliar δ15N to 
ensure that model assumptions were met. Post hoc test-
ing was performed by obtaining the estimated marginal 
means, formerly known as least-squares means, with the 
‘emmeans’ package (ver. 2.0.2, Lenth and Piaskowski 
2026). Additionally, the following packages were used: 
‘tidyverse’ (Wickham  et  al. 2019), ‘car’ (Fox and 
Weisberg 2019), ‘rmisc’ (ver. 1.5.1 Hope 2022), ‘ggth-
emes’ (Arnold 2025) and ‘lmertest’ (Kuznetsova et  al. 
2017). Graphical visualizations were obtained using 
‘ggplot2’ (Wickham 2016) and ‘sjplot’ (ver. 2.8.15; 
Lüdecke 2023).

Results

Active layer thickness
The average active layer thickness in plots in the ‘shallow’ cat-
egory was 51.3 ± 0.9 cm (mean ± SE), whereas the mean 
active layer thickness in ‘deep’ plots was 69.4 ± 1.9 cm and 
the experimental design with treatments ‘shallow’ and ‘deep’ 
active layer categories could therefore be validated (t = 8.56, 
df = 15.63, p < 0.001). Maximum active layer thickness 
observed in the shallow active layer category was 60 cm and 
up to 90 cm depth in the deep active layer category.

Vertical distribution of root biomass
Generally, root biomass within the upper 50 cm displayed a 
significant decrease with depth (F = 274.7, p < 0.001; Fig. 1; 
Supporting information), with average root biomass in the 
uppermost 10 cm being 5.1 ± 0.4 g l−1 and 0.3 ± 0.06 g 
l−1 in the 50 cm depth increment. However, root biomass 
did not vary between the shallow and deep active layer cat-
egories (F = 0.3, p = 0.600) and the decline with depth did 
also not differ between active layer thickness (active layer type 
× depth, F = 0.0, p = 0.860). Root biomass did also not dif-
fer between the aboveground dominant plant communities 
(F = 0.1, p = 0.713), nor by the interaction of active layer 
thickness and plant community (F = 0.3, p = 0.609). This 
means that, within the first 50 cm of peat, neither active layer 
thickness nor plant community affected the amount of root 
biomass, in any combination. Similarly, the decline of root 
biomass with depth did not differ between the two differ-
ent plant communities (plant community × depth, F = 0.0, 
p = 0.913), and overall, patterns of depth distribution of root 
biomass were consistent between all treatment combina-
tions (active layer type × plant community × depth, F = 0.3, 
p = 0.576). These patterns were consistent when we analysed 
the total amount of biomass integrated over the whole active 
layer thickness (not just the first 50 cm): neither active layer 
thickness (F = 0.3, p = 0.582), nor plant community type 
(F = 0.0, p = 0.871), or their interaction (F = 0.3, p = 0.582) 
led to different amounts of root biomass.

When analysing E. vaginatum-dominated plots alone, we 
detected a similar pattern as for overall root biomass. Root 
biomass strongly declined with depth (F = 207.4, p < 0.001; 
Fig. 1; Supporting information), being just 1.5% at −70 cm 
depth of the amount we found at −10 cm depth. Root bio-
mass also did not differ significantly between shallow and 
deep active layer categories (F = 0.0, p = 0.991). Similarly, the 
root biomass distribution with depth did not differ in shallow 
and deep active layer thickness (active layer type × depth, 
F = 0.4, p = 0.527), meaning that root biomass distribution 
in E. vaginatum-dominated plant communities is consistent 
across different active layer thickness within this low Arctic 
peatland. Again, there was also no difference in root biomass 
between shallow and deep active layers when we tested the 
whole biomass integrated over the whole active layer (F = 0.9, 
p = 0.361).

Even though we did not find differences between active 
layer thicknesses in root biomass or its distribution, we did 
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detect roots further down in the soil profile. In both plant 
communities, the maximum rooting depth was 60 cm in 
shallow active layer plots (9 out of 12 plots reached a depth 
of 60 cm; Fig. 1), whereas the pattern was less consistent in 
deep active layer plots. Within E. vaginatum-dominated deep 
active layer plots, roots proliferated to a maximum depth of 
70 cm (6 out of 6 plots), while roots in dwarf shrub-dom-
inated plots reached a maximum depth of 90 cm in deep 
active layer plots (1 out of 6 plots; Fig. 1). Overall, there was 
a higher amount of root biomass in dwarf shrub-dominated 
plots below a depth of 60 cm onwards in deep active layer 
plots.

Root dry matter content
RDMC differed between dwarf-shrub and E. vaginatum 
roots, with E. vaginatum generally having a 2.4 times lower 
RDMC than dwarf shrubs (F = 6.2, p < 0.014; Fig. 2; 
Supporting information). Interestingly, both E. vaginatum 
and dwarf shrubs had a lower RDMC with increasing depth 
(depth F = 36.7, p < 0.001; root type × depth, F = 0.2, 
p = 0.650). RDMC ranged from 0.17 ± 0.01 for E. vagi-
natum roots and 0.38 ± 0.01 for dwarf-shrub roots at 10 
cm depth to 0.12 ± 0.02 (E. vaginatum) and 0.25 ± 0.02 
(dwarf shrubs), respectively, at 50 cm depth. RDMC did not 

differ between active layer thickness (F = 0.8, p = 0.378), and 
responses of the different plant community types to active 
layer thickness did not differ (root type × active layer type, 
F = 2.1 p = 0.151), and above that, RDMC was more similar 
between root types in deeper depths of shallow active layer 
plots than deep ones there (root type × active layer type × 
depth, F = 4.3, p = 0.040).

Again, integrating RDMC over the entire available depths 
(not just the first 50 cm), showed a similar pattern: differ-
ences between root types (F = 107.1, p < 0.001), but not 
between active layer thicknesses (F = 1.3, p = 0.264), or their 
interaction (F = 0.8, p = 0.386).

C:N ratio in the depth profile
The C:N ratio decreased significantly in the depth profile 
(F = 129.1, p < 0.001; Supporting information), with a mean 
of 55.4 ± 3.2 in the upper 10 cm and a mean of 25.4 ± 1.0 at 
50 cm depth across all treatments, validating our assumption 
that plant-available nitrogen increases with depth when using 
C:N ratio as a proxy. C:N ratio was not distinct between active 
layer thickness (F = 1.2, p = 0.261), or between active layer 
thickness within the different depth increments (active layer 
type × depth, F = 1.1, p = 0.299), and neither between plant 
communities (dwarf shrub- or E. vaginatum-dominated, 
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Figure 1. Vertical root biomass distribution of root types per active layer category and plant community type. Stacked bargraphs represent 
mean root biomass in g l−1 for Eriophorum vaginatum and dwarf shrubs per depth increment. Error bars display the standard error, n = 6. 
Dotted lines represent mean active layer thickness per category.
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F = 1.1, p = 0.293) nor any of its interactions (active layer 
type × plant community, F = 0.1, p = 0.803; plant commu-
nity × depth, F = 1.4, p = 0.235; active layer type × plant 
community × depth, F = 0.6, p = 0.454).

When we analysed average C:N ratio over the whole avail-
able active layer thickness there was a trend towards a lower 
C:N ratio in the deep than in the shallow active layer thick-
ness (F = 3.2, p = 0.088), but no difference between plant 
communities (F = 0.1, p = 0.772) or its interaction with 
active layer thickness (F = 0.2, p = 0.693).

Natural abundance of δ15N in soil
δ15N ratios showed a strong, hump-shaped pattern with 
depth (depth: F = 59.5, p < 0.001, depth2 F = 55.9, p < 
0.001; Fig. 3; Supporting information) with an average of 0.9 
± 0.3‰ in the upper (10 cm) to 2.9 ± 0.3‰ at 30 cm and 
1.0 ± 0.3‰ in the lower (50 cm) depth increments. None 
of the other factors, plant communities (F = 2.4, p = 0.121) 
and active layer thickness (F = 0.7, p = 0.404; Supporting 
information), nor their interactions affected soil δ15N ratios 
(AL type × plant community, F = 0.3, p = 0.564; active layer 
type × depth, F = 1.9, p = 0.173; plant community × depth, 
F = 0.8, p = 0.383; active layer type × plant community × 
depth, F = 1.0, p = 0.325). There was a trend of a change 
in vertical shape depending on active layer thickness (active 
layer type × depth2, F = 3.9, p = 0.051), reflecting that the 
peak of the hump shape shifted to a slightly lower soil depth 
in deep active layer plots.

Natural δ15N abundance in foliar biomass
Overall, the six studied species E. vaginatum, E. nigrum 
spp. hermaphroditum, B. nana, A. polifolia, R. chamaemorus, 
and V. uliginosum differed significantly in their foliar δ15N 

ratios (F = 80.7, p < 0.001; Fig. 4; Supporting informa-
tion). In fact, each species showed individual foliar δ15N ratio 
ranges. Among these individual ranges, E. vaginatum and 
R. chamaemorus on average displayed higher values than the 
remaining dwarf-shrub species, with a δ15N ratio of 0.6 ± 0.7 
and 1.5 ± 0.4, respectively. Andromeda polifolia on average 
displayed the lowest values with a δ15N ratio of −8.2 ± 0.4. 
Foliar δ15N ratio did not only differ between species, but also 
between plant communities (F = 7.8, p = 0.007). Across all 
species, foliar δ15N ratios were higher in E. vaginatum-dom-
inated plots with, on average, −2.4 ± 0.5 in E. vaginatum-
dominated plots and −4.4 ± 0.5 in dwarf shrub-dominated 
plots. Despite these overall higher values, the species-specific 
pattern stayed similar (plant community × species, F = 0.4, 
p = 0.780). Active layer thickness did not influence the δ15N 
ratio (F = 0.1, p = 0.738), and neither was the species-specific 
pattern changed by active layer thickness (active layer type 
× species, F = 0.1, p = 0.996). While not statistically signif-
icant, we observed a trend of plant community δ15N ratio 
responding to active layer thickness (active layer type × plant 
community, F = 3.0, p = 0.089), indicating that the influence 
of different active layer thickness might not be consistent 
across plant communities.

When focusing only on the five dwarf-shrub species, 
we again found the same patterns with species-specificity 
in δ15N ratios (species, F = 91.3, p < 0.001), as well as a 
significant effect of plant community composition (F = 9.1, 
p = 0.007), as all dwarf-shrub species displayed the highest 
foliar δ15N ratios in their respective ranges in E. vaginatum-
dominated plots. There was no effect of active layer thick-
ness (F = 0.0, p = 0.912), and this was consistent across 
plant community types (AL type × plant community, 
F = 2.8, p = 0.112).
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Figure 2. Root dry matter content of Eriophorum vaginatum and shrub roots in both plant community types, in either shallow or deep active 
layer. Box- and whisker plots display first quartile (25th percentile), median, and third quartile (75th percentile). Whiskers extend to 1.5× 
IQR; each datapoint for both E. vaginatum and dwarf-shrub root types is displayed, n = 12.
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Discussion

We studied how permafrost thaw depth affects the depth dis-
tribution of root mass and RDMC in a low Arctic peatland. 
Root biomass declined strongly with depth in both E. vagi-
natum- and dwarf shrub-dominated communities, but was 
neither influenced by active layer thickness nor plant com-
munity. RDMC was not only lower in E. vaginatum than in 
dwarf-shrub roots but also declined with depth, indicating 
less investment and shorter-lived roots further down in the 
soil profile.

No differences in vertical root biomass distribution 
between plant communities and active layer 
thickness
Dwarfshrubs are generally known to have shallow rooting 
systems in the Arctic, whereas some sedges, such as E. vag-
inatum, can be deep-rooting (Iversen  et  al. 2015). As per-
mafrost is thawing and releasing plant-available nitrogen in 
the generally nutrient-limited tundra (Keuper  et  al. 2012, 
Salmon et al. 2016), deep-rooting species might adapt their 
rooting distribution and grow more roots in deeper soil layers 
to take advantage of released nitrogen (Keuper et al. 2017, 
Blume‐Werry  et  al. 2019). We thus initially hypothesized 
that E. vaginatum-dominated plant communities would have 
more roots deeper down in the soil profile than dwarfshrub-
dominated plant communities, and that E. vaginatum – but 

not dwarfshrubs – would increase root biomass at depth in 
areas with deeper active layers. Yet, rooting depth distribution 
in the upper 50 cm did not differ between plant communities 
or active layer thicknesses. Both E. vaginatum- and dwarf-
shrub-dominated communities displayed a rather similar 
vertical root biomass distribution in both deep and shallow 
active layer scenarios. In all treatment combinations, most 
root biomass was in the uppermost soil layer with a steep 
decline throughout the active layer. This suggests that there is 
no difference in rooting depth distribution between the stud-
ied plant communities, even though the dominant plant in 
one, E. vaginatum, is known for being deep-rooting (Proctor 
and He 2019). It is important to note that even though root-
ing depth distribution did not differ between active layer 
thickness within the upper 50 cm, and total amounts of root 
biomass across the whole respective profile did not differ, 
roots of E. vaginatum and other roots were present down to 
the thawfront even in deep active layer plots (Fig. 1). Based on 
morphological appearance (Rewald et al. 2012), we assume 
that the non-E. vaginatum roots at the thawfront all belonged 
to the same species: Rubus chamaemorus. Indeed, previous 
studies have also observed R. chamaemorus roots at the thaw 
front (Keuper et al. 2017, Hewitt et al. 2019) or have shown 
that they can take up N from the thaw front (Keuper et al. 
2017, Blume‐Werry  et  al. 2019). Although the abundance 
of R. chamaemorus was low compared to the other species, it 
still seems likely that the non-E. vaginatum deep roots mainly 
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Figure 3. Vertical distribution of soil δ15N [‰] per active layer category and plant community type. Box- and whisker plots display first 
quartile (25th percentile), median, and third quartile (75th percentile). Whiskers extend to 1.5× IQR; each datapoint is displayed, n = 6.
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or only belonged to R. chamaemorus, due to its previously 
demonstrated presence at the thawfront, whereas all the other 
(dwarf-shrub) species only rooted shallowly (Shaver and 
Cutler 1979, Keuper et al. 2017, Blume‐Werry et al. 2019). 
Thus, even if we did not detect any overall changes in bio-
mass or its distribution in response to permafrost thaw, the 
presence of deep roots down to the thawfront – even if only 
a few – may have important ecological implications as they 
may contribute to aeration of the soil or stimulate microbial 
activity via root litter and exudation (Määttä and Malhotra 
2024, Friggens et al. 2025, Mollenkopf et al. 2026). Taken 
together, this means that plant communities with varying 
abundance of dwarf-shrub and graminoid species can show 
similar root mass and depth distribution, if at least one deep-
rooting species, such as E. vaginatum or R. chamaemorus, is 
present in each.

With increasing active layer thickness, the root system 
architecture of deep-rooting plants may enable them to tap 
new nitrogen sources (Doussan  et  al. 2009, Nacry  et  al. 
2013), which could impact plant community composi-
tion. Eriophorum vaginatum, for example, has been shown 
to respond to a deepening of the active layer with increasing 
rooting depth (Wang et al. 2016, Blume‐Werry et al. 2019, 
Ma  et  al. 2022), whereas evergreen and deciduous dwarf-
shrubs species in the Arctic, such as E. nigrum, B. nana, V. 
uliginosum, and A. polifolia have shown non-plastic responses 
towards a deepening of the active layer (Keuper et al. 2017, 

Blume‐Werry  et  al. 2019, Hewitt  et  al. 2019). However, 
while we did find E. vaginatum roots to a depth of 70 cm, the 
relative rooting depth distribution pattern of the entire plant 
community – and even E. vaginatum alone – did not change 
with increasing active layer thickness, nor did total biomass. 
Our results thus indicate that increasing the abundance of 
deep roots as a response to increasing active layer thickness is 
rather species-specific than community- or plant functional 
type- specific, and might not result in measurable differences 
in root biomass distribution – at least not in response to natu-
rally varying active layer thickness as present here (where the 
difference between our ‘shallow’ and ‘deep’ ALT categories 
was approximately 18 cm). Corresponding with our results, 
Blume-Werry  et  al. (2023) found no differences in vertical 
root biomass distribution between aboveground vegetation 
types in a meta-analysis. However, our data suggest that this 
lack of difference might hinge on single plant species, such as 
R. chamaemorus or E. vaginatum, being present or absent in 
the community. Further, as our results are different to others 
that have shown varying rooting depth distribution between 
graminoid- or shrub- dominated communities (Wang et al. 
2016, Keuper  et  al. 2017, Blume‐Werry  et  al. 2019), it is 
important to identify when and in which plant communi-
ties the spatial distribution of root biomass is prone to shift. 
This is particularly important as current modelling efforts 
are based on presumed differences in rooting depth distribu-
tion between plant communities and in response to varying 
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active layer thickness. For example, in the PrimeSCale model 
(Keuper et al. 2020), increasing active layer thickness leads to 
decreasing amounts of roots in shallow soil layers as roots are 
distributed over a larger soil volume. If the lack of difference in 
response to active layer thickness and plant community type 
observed here is common on a larger circumpolar scale, this 
would mean that such modelling assumptions would have to 
be reconsidered. More empirical data allowing generalization 
of root responses in different plant communities is thus essen-
tial for predicting ecosystem responses to thawing permafrost.

Root dry matter content decreases with depth
RDMC is a functional trait that is used as an inexpensive 
and easy-to-use proxy for root tissue density (Shipley and 
Vu 2002, Birouste  et  al. 2014), illustrating the economics 
behind resource use strategies: both lower RDMC and lower 
root tissue density are characteristic of a resource-acquisitive 
strategy and linked to a higher nutrient uptake rate (Ryser 
and Lambers 1995, Wahl and Ryser 2000), fast growth, and 
short life-span; whereas a higher RDMC indicates a more 
conservative plant growth strategy (Ryser and Lambers 
1995, Ryser 1996, Wahl and Ryser 2000, Hummel  et  al. 
2007, Birouste  et  al. 2014). Here, we observed clear dif-
ferences in RDMC between root types (E. vaginatum ver-
sus dwarf-shrub roots). Eriophorum vaginatum had a lower 
RDMC than dwarf shrubs, which fits to its known fast root 
turnover and growth rates (Salmon  et  al. 2016), especially 
compared to Arctic dwarf shrubs. These RDMC patterns 
are consistent with the root economic spectrum, contrast-
ing ‘cheap’ low carbon input, fast-growing, explorative roots 
with slow-growing, long-lived roots with a high tissue density 
(Freschet  et  al. 2010, Rehling  et  al. 2021). The root traits 
observed in E. vaginatum could therefore be classified as rela-
tively more resource-acquisitive, while the RDMC found in 
dwarf shrubs indicates a relatively more resource-conservative 
strategy, on the spectrum we observed here. Dwarf shrubs 
tend to display trait characteristics from the conservative end 
of the plant economic spectrum in aboveground organs as 
well (Dorrepaal  et  al. 2005, Freschet  et  al. 2010), and the 
lower tissue density might enable E. vaginatum to be deep-
rooting and explore freshly thawed permafrost soil quickly 
and without substantial carbon investment compared to the 
usually more shallow-rooting dwarf shrubs.

We did not only observe differences in RDMC between 
roots of dwarf shrubs and E. vaginatum but also a decreas-
ing RDMC with depth in both root types. It is likely that 
because the deeper soil is only thawed and thus available for 
a shorter period of time during the already short Arctic sum-
mer season, only roots with low RDMC are worth growing 
that deep. Underlying reasons could be that the same species 
has a lower RDMC in deeper roots, as was the case for E. 
vaginatum, or that only those species with a low RDMC root 
that deep, i.e. a change in species composition of our pooled 
dwarf-shrub root samples. For example, tree species with 
a lower root density are able to proliferate deeper into the 
soil (Kramer-Walter et al. 2016). Assessing whether RDMC 
changes within the same species with depth due to adaption 

to environmental conditions, or whether only species with 
a low RDMC root deeply, might therefore be an important 
area for future research.

Increased foliar δ15N ratios of dwarf shrubs in the 
presence of E. vaginatum
Previous studies of nitrogen dynamics in low Arctic tundra 
suggested that nitrogen from the permafrost thawfront, taken 
up by deep-rooting plants, might be vertically redistributed 
within the active layer over time, becoming available to shal-
low-rooting plants (Hewitt et al. 2019, 2020, Pedersen et al. 
2020). Among processes driving this hypothetical mechanism 
are increased leaf and root litter input due to a higher nitro-
gen availability (Hewitt  et  al. 2019), increased decomposi-
tion of (plant and fungal) biomass and exudates from roots 
(Pedersen et al. 2020). Here, we presumed that this potential 
redistribution of nitrogen by deeper-rooting plants might be 
mirrored in natural abundances of foliar and soil δ15N. In our 
assessment of soil δ15N, we observed patterns of δ15N with 
depth, with the highest natural 15N abundance at about 20 
(shallow ALT) to 40 (deep ALT) cm depth and the lowest 15N 
abundance both closest to the surface and at the thawfront. 
As higher δ15N can be indicative of greater mineralization, this 
difference in depth for the peak between the two active layer 
thicknesses, even if only marginally significant, may therefore 
indicate a depth-shift in microbial activity, diversity, or abun-
dance (Groß-Schmölders et al. 2020). This could be an inter-
esting avenue for future research targeted at shifting hotspots of 
microbial communities and activity related to permafrost thaw. 
Besides microbial activity, varying hydrological history and sta-
tus could be another factor explaining the observed patterns 
in soil δ15N (Groß-Schmölders et al. 2020). However, we did 
not detect differences in δ15N between soils under E. vagina-
tum- and dwarf shrub-dominated communities, nor between 
different active layer types. This could indicate that, as of now, 
there has been no substantial redistribution of permafrost 
nitrogen, which may in any case take a long time to be vis-
ible. Accordingly, an assessment of N dynamics in a permafrost 
thaw gradient in Alaska revealed that changes in N dynamics 
manifested only over years to centuries (Finger et al. 2016).

Our survey of foliar δ15N ratios of the six vascular plant 
species present in the studied low Arctic peatland revealed 
highly species-specific ranges of δ15N, also seen in previous 
studies, e.g. for E. vaginatum, V. uliginosum, E. nigrum, and 
B. nana (Michelsen  et  al. 1996, Nadelhoffer  et  al. 1996). 
These species-specific values could be indicative of differ-
ent individual nutrient uptake strategies (Nadelhoffer et al. 
1996, Kahmen et al. 2008), such as mycorrhizal associations 
(Michelsen  et  al. 1996, Hobbie  et  al. 2005, 2009) or may 
mirror N uptake from different soil depths and hence differ-
ent rooting depths (Oulehle et al. 2016, Hewitt et al. 2019, 
Pedersen et al. 2020). While these species-specific ratios are 
not surprising and their underlying causes not the aim of this 
study, we did observe another interesting pattern: δ15N ratios 
varied between vegetation communities, with all species hav-
ing their highest δ15N ratios in plots dominated by E. vagina-
tum. Thus, even though soil δ15N ratios did not differ between 
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vegetation communities, it seems the presence of E. vagina-
tum might indeed induce a redistribution of nitrogen that 
is available to neighbouring plants, or stimulate activity of 
different microbial communities, leading to a change in δ15N 
signature, or lead to a shift in the type of nitrogen taken up 
from different parts of the soil column, e.g. a different niche-
partitioning within the community (McKane  et  al. 2002). 
This hypothesis is in line with the findings of our assessment 
of vertical root biomass distribution, where we showed that 
E. vaginatum has relatively more roots at the depth with the 
highest δ15N ratios than woody dwarf shrubs do.

Conclusions

We show that roots are present all the way down to the 
thawfront, even at 90 cm depth, bringing them into con-
tact with previously frozen soils, which could have important 
ecological implications. However, root biomass distribution 
with depth was the same in the first 50 cm of the active layer 
for both plant communities and under different active layer 
thicknesses, indicating no strong changes in root biomass or 
depth distribution in response to deeper active layers. We 
observed intra-specific changes in RDMC with decreasing 
dry matter content with increasing depth, which points at a 
shift towards more acquisitive resource allocation strategies 
with greater depth. In addition, we detected species-specific 
δ15N ratios with the highest intra-specific signatures in com-
munities dominated by E. vaginatum. This may be due to 
either a redistribution of nitrogen from the permafrost table, 
an altered source of nitrogen uptake, or a sign of differential 
microbial activity. The thawing of permafrost in low Arctic 
peatlands in Fennoscandia might therefore ultimately have 
the potential to directly and indirectly alter plant community 
composition by favouring deep-rooting species, and their 
influence on ecosystem C and N cycling.
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