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A B S T R A C T   

Climate change affects the Arctic and sub-Arctic regions by exposing previously frozen permafrost to thaw, 
unlocking soil nutrients, changing hydrological processes, and boosting plant growth. As a result, sub-Arctic 
tundra is subject to a shrub expansion, called “shrubification”, at the expense of sedge species. Depending on 
the intrinsic foliar properties of these plant species, changes in foliar mineral element fluxes with shrubification 
in the context of permafrost degradation may influence topsoil mineral element composition. Despite the po
tential implications of changes in topsoil mineral element concentrations for the fate of organic carbon, this 
remains poorly quantified. Here, we investigate vegetation foliar and topsoil mineral element composition (Si, K, 
Ca, P, Mn, Zn, Cu, Mo, V) across a natural gradient of permafrost degradation at a typical sub-Arctic tundra at 
Eight Mile Lake (Alaska, USA). Results show that foliar mineral element concentrations are higher (up to 9 times; 
Si, K, Mo for all species, and for some species Zn) or lower (up to 2 times; Ca, P, Mn, Cu, V for all species, and for 
some species Zn) in sedge than in shrub species. As a result, a vegetation shift over ~40 years has resulted in 
lower topsoil concentrations in Si, K, Zn, and Mo (respectively of 52, 24, 20, and 51%) in highly degraded 
permafrost sites compared to poorly degraded permafrost sites due to lower foliar fluxes of these elements. For 
other elements (Ca, P, Mn, Cu, and V), the vegetation shift has not induced a marked change in topsoil con
centrations at this current stage of permafrost degradation. A modeled amplified shrubification associated with a 
further permafrost degradation is expected to increase foliar Ca, P, Mn, Cu, and V fluxes, which will likely change 
these element concentrations in topsoil. These data can serve as a first estimate to assess the influence of other 
shifts in vegetation in Arctic and sub-Arctic tundra such as sedge expansion under wetter soil conditions.   

1. Introduction 

Permafrost (i.e., ground that remains below 0 ◦C for at least two 
consecutive years) is thawing upon climate change (IPCC, 2021; Schuur 
et al., 2015; Van Everdingen, 1998). This is leading to a release of carbon 
(C) into the atmosphere with decomposition of organic C estimated at 
120–195 Pg by 2100 (Hugelius et al., 2014; IPCC, 2021; Schuur et al., 
2015). The release of C into the atmosphere as greenhouse gases (CO2 
and CH4) that increase air temperature contributes to a positive feed
back effect on warming and deeper permafrost degradation (Koven 
et al., 2011; Schuur et al., 2015). Another consequence of climate 
change and permafrost degradation is the shift in vegetation in Arctic 

and sub-arctic tundra (7.11 × 106 km2; Walker et al., 2005) that is 
primarily dominated by shrubs, sedges, forbs, mosses, and lichens (Bliss 
et al., 1973). The nutrients released by permafrost degradation, the 
increasing air temperature and the drier conditions in the long term 
promote the growth of shrubs and decrease the biomass of sedges due to 
competition (Heijmans et al., 2022; Mekonnen et al., 2021). Thus, we 
are facing a shift in vegetation from sedges (mainly Eriophorum spp. and 
Carex spp.; Crawford, 2013) to shrubs, called “shrubification”, resulting 
from permafrost degradation (Sturm et al., 2001). However, permafrost 
degradation and the resulting changes in air temperature, soil moisture, 
and soil nutrients are not the only drivers of vegetation change in Arctic 
and sub-Arctic tundra. Other processes like wildfires can promote the 
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expansion of sedges (Heijmans et al., 2022; Mekonnen et al., 2021). 
Shifts in vegetation can influence organic C decomposition in topsoil, 

mainly composed of plant residues, changing CO2 and CH4 emissions, 
which could enhance permafrost degradation (Berg and McClaugherty, 
2020; Heijmans et al., 2022). Indeed, shrub expansion increases soil 
temperature by accumulating a thicker snow cover that insulates the 
soil. In addition, the presence of tall shrubs growing above the snowpack 
reduces the albedo. Together, these factors associated with shrub 
expansion contributes to speed up topsoil organic C decomposition 
(Heijmans et al., 2022; Marsh et al., 2010; Myers-Smith and Hik, 2013). 
Moreover, shrubrification leads to a higher biomass production which 
can promote the priming effect and increase organic C decomposition 
rate (Mekonnen et al., 2021). Conversely, woody species have a lower 
organic C decomposition rate than sedge species, that limits the effects 
which accelerate decomposition (Hobbie, 1996). Other factors, 
depending or not on plant biomass and plant community, affect topsoil 
decomposition, including organic matter quality (carbon-to-nitrogen 
ratio), physical and chemical protection of the organic C (Waldrop et al., 
2010), microbial biomass and community, soil conditions (temperature 
and moisture; Bracho et al., 2016), and the mineral element concen
trations (Schmidt et al., 2011). 

Some mineral elements, such as silicon (Si), calcium (Ca), potassium 
(K), phosphorus (P), manganese (Mn), zinc (Zn), copper (Cu), molyb
denum (Mo), and vanadium (V) influence organic C decomposition in 
topsoil: these elements can act on the growth (Qualls and Richardson, 
2000; Schaller and Struyf, 2013) or the environment (Lovett et al., 2016) 
of decomposers (microorganisms and fungus); and some of these ele
ments (such as Ca and Mn) can create complexes with organic C through 
organo-mineral associations, thereby limiting organic C decomposition 
(Keiluweit et al., 2015; Li et al., 2021). Furthermore, these mineral el
ements are nutrients for plants and are more specifically essential 
macroelements (Ca, K, and P), essential microelements (Mn, Zn, Cu, and 
Mo) and beneficial elements (Si and V) (Marschner, 2011). These min
eral elements promote plant growth, improve protection against stress 
(Si, K, and Cu; Greger et al., 2011; Marschner, 2011), regulate the os
motic potential (K; Clarkson & Hanson, 1980), are involved in the redox 

reactions during photosynthesis (Mn, Cu, and V; Graham et al., 1988), 
are structural elements (Ca and P; White & Broadley, 2003), are 
involved in the fixation of atmospheric N (Mo and V; Schwarz et al., 
2009) or in DNA replication (Zn; Broadley et al., 2007). However, the 
influence of vegetation shift on the recycling of these mineral element 
and their concentrations in topsoil in the context of permafrost degra
dation remain poorly quantified. This includes considering the rela
tionship between changes in soil temperature and soil moisture 
associated with permafrost degradation and mineral element recycling 
by vegetation. 

Here, our main objective is to quantify the influence of the widely 
observed shrubification upon permafrost degradation on topsoil mineral 
element concentrations (Si, K, Ca, P, Mn, Zn, Cu, Mo, and V). The 
shrubification following permafrost degradation at Eight Mile Lake 
(Alaska, USA) is used as a case study to explore consequences of different 
shifts in Arctic tundra vegetation such as sedge expansion under wetter 
soil conditions. To reach our main objective, our specific goals are: (1) 
quantifying the foliar concentrations of these mineral elements in the 
main sedge and shrub species of sub-Arctic tundra; (2) estimating the 
foliar fluxes of these mineral elements that return to topsoil; and (3) 
measuring topsoil concentrations of these mineral elements along a 
permafrost degradation gradient. 

2. Materials and methods 

2.1. Study area 

The field campaign was conducted in August – September 2019 in 
Alaska (USA), at Eight Mile Lake (63◦52′42.1′ ′N, 149◦15′12.9′ ′W), 
approximately 14 km west of Healy (Fig. 1, Vogel et al., 2009). The area 
is a moist acidic tundra at an elevation of 700 m a.s.l. on a northeast- 
facing slope (4%). The mean annual temperature in Healy was −
1.3 ◦C between 1976 and 2005 with extreme temperature in December 
(− 16 ◦C) and in July (15 ◦C), the mean annual precipitation (rain and 
snow) is 378 mm, and the snow cover present from mid-September to 
mid-May is on average 52 cm thick (Natali et al., 2012; Osterkamp et al., 

Fig. 1. Location of the study area Eight Mile Lake in Interior Alaska (USA) with sampling plots (red points) in poorly degraded site (dominated by sedges) and highly 
degraded site (dominated by shrubs). 
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2009; Vogel et al., 2009). 
Soils are classified as Cryosols (WRB soil classification) or Gelisols 

(USDA soil taxonomy) with an organic layer of 45–65 cm thick (>20% 
organic C) which covers cryoturbated mineral soil (<20% organic C) 
that is a mixture of glacial till (small stones and cobbles) and windblown 
loess, and an active layer thickness between 50 and 120 cm (Kelley et al., 
2021; Natali et al., 2011). Soil pHwater increases in depth from around 3 
to 7. 

The tussock-forming sedge, Eriophorum vaginatum, and the deciduous 
shrub, Vaccinium uliginosum, dominate Eight Mile Lake (Schuur et al., 
2007). Other common vascular plants contribute to the vegetation like 
Carex bigelowii, Betula nana, Rubus chamaemorus, Empetrum nigrum, 
Rhododendron subarcticum, Vaccinium vitis-idaea, Andromeda polifolia, 
and Oxycoccus microcarpus. Nonvascular plant cover is dominated by 
feather mosses (primarily Sphagnum spp. but also Aulacomnium spp., 
Polytrichum spp., Pleurozium spp., Dicranum spp., etc.), as well as several 
lichen species (primarily Cladonia spp.). Species composition in this area 
has been observed to be shifting from sedge- to shrub-dominated tundra 
with permafrost degradation and thermokarst formation (Schuur et al., 
2007; Vogel et al., 2009). 

The Eight Mile Lake watershed includes two sites along a permafrost 
degradation gradient monitored since the mid to late 1980s (Schuur 
et al., 2007): (1) moderately disturbed moist tussock tundra, where the 
vegetation is dominated by sedges (site hereafter called “poorly 
degraded site”); and (2) a site with a more pronounced permafrost 
degradation and deeper thermokarst depressions, where the vegetation 
is dominated by shrubs (site hereafter called “highly degraded site”). 
The difference of permafrost degradation gradient has led to a shift in 
vegetation from sedges to shrubs over a period of ~ 40 years (Schuur 
et al., 2007; Vogel et al., 2009). 

2.2. Vegetation and topsoil sampling 

The sampling campaign took place between August and September 
2019 at the late growing season period. Samples of vegetation (foliar 
tissues samples) and topsoil (the first 5 cm of the soil) were collected at 
three replicate plots on each site (Fig. 1). Plots representative of spatial 
heterogeneity of permafrost degradation (Siewert et al., 2021) were 
selected by choosing three replicates dominated by sedges that we 
considered as poorly degraded sites and three replicates dominated by 
shrubs that we considered as highly degraded sites following the shru
bification upon permafrost degradation (Table 1). For foliar tissues 
samples (n = 24), the four most common vascular species that recycle 
their biomass in topsoil each year were considered: two sedges (Erio
phorum vaginatum and Carex bigelowii) and two deciduous shrubs (Betula 
nana and Vaccinium uliginosum). We collected senescent leaves of each 
species with a pruning shears over an area of 5 m2 around each topsoil 
sample to represent the chemical composition in leaves falling on 
topsoil. Topsoils (n = 6) were collected using a knife on a 20 cm2. 

Topsoil samples were dried at ambient temperature in a ventilated 
and thermoregulated room during two weeks and foliar samples were 
dried at 60 ◦C for 24 h. Then, both types of samples were ground at 2 

mm. 

2.3. Mineral element concentration measurements 

The concentrations in Si, K, Ca, P, Mn, and Zn in foliar vegetation (n 
= 24; Mauclet et al., 2021) and in topsoil (n = 6) were determined using 
the non-destructive portable X-ray fluorescence (pXRF) device Niton xl3t 
Goldd+ (Thermo Fisher 220 Scientific). For the measurement, a trans
parent film (prolene 4 μm) was fixed at the base of a circular plastic cap, 
in which we deposited a ~1 cm thick foliar or topsoil powder sample. 
We conducted the analyses in laboratory conditions, using a lead stand 
to protect the operator from X-rays emission. To ensure trueness, this 
method was calibrated with some of the samples measured with an 
inductively coupled plasma - optical emission spectrometer (ICP-OES, 
iCAP 6500 ThermoFisher Scientific). 

For trace elements undetected by the pXRF method (Cu, Mo, and V), 
foliar (n = 8, selecting foliar samples from one sampling plot per site for 
the four plant species considered) and topsoil (n = 6) concentrations 
were determined using an inductively coupled plasma - mass spec
trometer (ICP-MS, ICAPQ Thermo Fisher Scientific). Samples were first 
dissolved by acid digestion using a mix of acid (HF, HNO3) and H2O2 
reacting under series of heat (90 ◦C) and evaporating (40 ◦C) conditions 
in a clean room (ISO 6) and under hood (ISO 5). Recovery was assessed 
using the reference material Lichen IAEA-336: 92% for Cu, 71% for Mo, 
and 105% for V. Concentrations below the detection limit (DL; < 0.02 
mg kg− 1 for Cu, < 0.002 mg kg− 1 for Mo, and <0.0006 mg kg− 1 for V) 
were replaced by DL

2 . Blank values of Cu, Mo, and V represent respec
tively 1.38, 0.584 and 0.803% of the mean of the concentrations 
measured on the different samples. 

2.4. Data treatment and statistical analysis 

We determined the foliar fluxes (FF) of the studied mineral elements 
that return to topsoil using the foliar mineral element concentrations 
(FC) measured (Section 2.3) following the same approach reported in 
Mauclet et al (2021). At an annual time-scale, we assumed that the sub- 
Arctic tundra reached its equilibrium and that the annually produced 
biomass (net primary productivity, NPP) is equivalent to the senescing 
biomass returning to topsoil. Therefore, the estimation of annual foliar 
fluxes (FF) was calculated using the following equation (Mauclet et al., 
2021): 

FF = FC × fNPP ×
1

1000
(1) 

With FF, foliar mineral element flux (mg m− 2 a− 1), FC, foliar mineral 
element concentration (mg kg− 1) and fNPP, foliar NPP (g m− 2 a− 1). 

In Equation (1), the foliar NPP (fNPP) can be obtained from variables 
available at our study site using the following equation (Mauclet et al., 
2021): 

fNPP = r1 × AB × r2 ×
1

1000
(2)  

with r1, ratio between fNPP and aboveground NPP (unitless; available in 
Salmon et al., 2016), r2, ratio between aboveground NPP and above
ground biomass (a− 1; available in Schuur et al., 2007), and AB, above
ground biomass (g m− 2; available in Jasinski et al., 2018a). 

We calculated standard deviations of annual foliar fluxes (Δ FF) 
determined from the standard deviation of foliar mineral element con
centration (Δ FC) using the following equation: 

ΔFF = ΔFC × fNPP ×
1

1000
(3) 

All statistics were performed using R 4.0.2 (RStudio Inc., Boston, 
Massachusetts, USA) and plots using the ggplot2 package. The signifi
cant differences in mineral element fluxes and concentrations between 
species or between sites were evaluated using a one-way analysis of 

Table 1 
Main characteristics of the sampling plots: location, active layer depth, and 
depth of the organo-mineral transition.  

Site 
dominated 

by: 

Plot Latitude Longitude Active 
layer 
depth 
(cm) 

Organo- 
mineral 

transition 
(cm) 

Sedges 1 63◦52′40.4′ ′N 149◦15′18.0′ ′W 50 45 
2 63◦52′39.6′ ′N 149◦15′19.4′ ′W 88 10 
3 63◦52′39.7′ ′N 149◦15′17.6′ ′W 75 20 

Shrubs 1 63◦52′43.7′ ′N 149◦15′28.7′ ′W 48 40 
2 63◦52′46.1′ ′N 149◦15′26.3′ ′W 96 20 
3 63◦52′46.6′ ′N 149◦15′27.8′ ′W 65 30  
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variance (ANOVA) and a Tukey’s honestly significant difference (HSD) 
post-hoc test. The 95% confidence intervals of the statistic were used to 
test for a significant difference between values, which is equivalent to a 
p-value cutoff of 0.05. 

2.5. Shift in vegetation modeling 

Shrub growth strongly responds to recent warming at Arctic sites and 
is not limited to warmer tundra regions, suggesting that a further 
permafrost degradation caused by air warming will strengthen shrub 
expansion (Weijers et al., 2018). In order to understand the influence of 
a further permafrost degradation on topsoil composition, we estimated 
the foliar mineral element fluxes at a modeled amplified shrubification, 
i.e., with even more shrub biomass and even less sedge biomass. This 
change in aboveground biomass directly affects the fNPP (Equation (2)) 
that influences the foliar mineral element fluxes (Equation (1)). 

Considering the foliar biomass at the poorly and highly degraded 
sites (Jasinski et al., 2018b), we calculated v, the rate of change in foliar 
biomass over ~ 40 years at the highly degraded site relative to the 
poorly degraded site. 

Where, v =
ABhighly degraded site

ABpoorly degraded site
(4) 

We modeled the hypothetical foliar biomass for each species at a 
further permafrost degradation, i.e., a more intense shrub biomass (AB 
modeled highly degraded site) by transposing the rate of change in leaf biomass 
(factor v) to the biomass species at the highly degraded site (AB highly 

degraded site) according to evidence from the literature for strengthening 
of shrub expansion (Weijers et al., 2018): 

ABmodeled highly degraded site = ABhighly degraded site × v (5) 

We used this predicted AB modeled highly degraded site to estimate foliar 
fluxes in a theoretical more advanced permafrost degradation situation, 
called “modeled highly degraded site” (FF modeled highly degraded site). 

3. Results and discussion 

3.1. Foliar mineral element concentrations in sedges and shrubs 

The least concentrated element in foliar samples of all species is V 
(on average 0.070 ± 0.062 mg kg− 1) and the most concentrated element 
is Ca in shrub species (5870 ± 612 mg kg− 1) and Si in sedge species 
(7045 ± 5046 mg kg− 1). The foliar concentration in sedges ranks as 
follows from the least to the most concentrated element: V < Mo < Cu <
Zn < Mn < P < Ca < K < Si (Fig. 2; Supplementary material). Sedge 
species (Carex bigelowii and Eriophorum vaginatum) have on average 

higher foliar concentrations of Mo (~9 times), Si (~8 times), and K (~2 
times) than shrubs (Betula nana and Vaccinium uliginosum). The higher 
foliar Si concentration in sedges than in shrubs can be attributed to the 
higher ability of sedge roots to take up Si (Ma and Takahashi, 2002). In 
contrast, sedges have lower foliar Ca (~2 times), P (~2 times), Mn (~2 
times), and V (~3 times) concentrations than shrubs. Calcium is often 
located in cell walls and lower foliar Ca concentration in sedges than in 
shrubs is due to their low concentration in cell wall pectate (White and 
Broadley, 2003). The foliar concentration of Cu was similar between 
sedges and shrubs. The foliar concentration of Zn shows different trends 
between the sedges and the two shrubs: both sedges have a lower Zn 
concentration than Betula nana (Betula spp. is known to accumulate Zn; 
Gosz et al., 1973), but have a higher Zn concentration than Vaccinium 
uliginosum. Within sedges, Eriophorum vaginatum presents lower foliar Si 
(~4 times), Ca (~2 times) and Mo (~2 times) concentration than Carex 
bigelowii. These differences can be related to the duration of the leaf 
exsertion, elongation, and senescence (Shaver and Laundre, 1997). 
Indeed, these processes take place rapidly at the start of the growing 
season in Carex bigelowii, unlike Eriophorum vaginatum for which this is 
more gradual (Shaver and Laundre, 1997). Overall, the difference in the 
foliar mineral element concentrations by species between the poorly and 
the highly degraded sites is low (~11.3%). 

According to these observations, foliar mineral element concentra
tions are presented by grouping data for the poorly and highly degraded 
sites for all the sedge species (Eriophorum vaginatum and Carex bigelowii) 
and for all the shrub species (Betula nana and Vaccinium uliginosum; 
Fig. 3). This representation shows a significant difference in foliar Si, K, 
Ca, P, Mn, Zn, and Mo concentrations between sedge and shrub species 
(p-value < 0.05) and a tendency towards lower Cu and V concentrations 
of 11% and 68% respectively in sedge relative to shrub species. 

In literature, foliar concentrations in Si (Engström et al., 2008), K 
(Chapin et al., 1975), and Mo (Garmo et al., 1986) are up to 8-times 
higher in sedge species than in shrub species, which is comparable to 
our data that is up to 9-times higher for these elements. The reported 
foliar Ca and P (Jasinski et al., 2018b), Mn and Zn (Alexeeva-Popova and 
Drozdova, 2013) concentrations are consistently lower in sedge species 
than in shrub species, i.e., up to 3-times lower which is comparable to 
our data that is up to 2-times lower for these elements. For foliar Cu 
concentration, the reported difference in foliar concentration between 
sedge and shrub species is less clear than for other elements (1.1-times 
higher in sedge species than in shrub species; Alexeeva-Popova & 
Drozdova, 2013). A smaller difference in foliar Cu concentration be
tween sedge and shrub species was also observed in our data but in the 
opposite direction (1.1-times lower in sedge than in shrub species). 
These data suggest that foliar Cu concentration is less variable than 
other foliar element concentrations between sedge and shrub species. 

Fig. 2. Foliar mineral element concentrations in Eriophorum vaginatum, Carex bigelowii (sedges in yellow), Betula nana, and Vaccinium uliginosum (shrubs in green) at 
the end of the growing season (August – September 2019). Concentrations were measured at the “poorly degraded site” dominated by sedges (open symbols below 
the bar chart) and “highly degraded site” dominated by shrubs (full symbols). Concentrations in Si, K, Ca, P, Mn, and Zn are the mean of three replicates with their 
standard deviation, and Cu, Mo, and V concentrations are measured on one foliar sample of each species. 
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3.2. Influence of permafrost degradation on foliar mineral element fluxes 

The total Si, K, and Zn foliar fluxes are significantly lower (by nearly 
twice) in the highly degraded site than in the poorly degraded site 
(Fig. 4; p-value < 0.05). There is also a trend towards lower foliar Mo 
flux (47% lower) in the highly degraded site compared to the poorly 
degraded site. This can be explained by the higher shrub contribution of 
mineral element fluxes to topsoil of 87% (on average) at the highly 
degraded site relative to the poorly degraded site, related to the increase 
in shrub biomass and the decrease in sedge biomass (Schuur et al., 2007) 
(Fig. 4). These changes in biomass and the higher foliar Si, K, Zn, and Mo 
concentrations in sedge species than in shrub species (Fig. 3; for the 
shrub Vaccinium uliginosum for Zn, Fig. 2) can explain the differences in 
foliar Si, K, Zn, and Mo fluxes induced by permafrost degradation, i.e., 
between the highly and the poorly degraded sites. 

For Ca, P, Mn, Cu, and V, the total foliar fluxes are not higher in the 
highly degraded site than in the poorly degraded sites despite the higher 
concentrations of these elements in shrub species relative to sedge 
species, and despite the increase in shrub biomass in the highly degraded 
sites (Fig. 4). This is likely related to the relative difference in biomass 

between the two sites: the difference in sedge biomass (loss of 100.3 g 
m− 2) is higher than the difference of shrub biomass (gain of 50.43 g 
m− 2) from highly to poorly degraded sites (Jasinski et al., 2018a). 
Therefore, the shrub expansion at Eight Mile Lake is still at an early stage 
of vegetation shift, the influence of foliar fluxes in elements more 
concentrated in shrub species is not detected and the net foliar flux is not 
being changed. 

Relative to the current gradient of permafrost degradation at the 
study site from poorly to highly degraded sites (observations), we esti
mated the mineral element fluxes associated with a modeled amplified 
shrubification upon a further permafrost degradation (modeled highly 
degraded site). Foliar Si, K, Zn and Mo fluxes are not significantly 
different between the highly degraded site and the modeled highly 
degraded site (p-value > 0.05), showing that these fluxes do not linearly 
decrease with permafrost degradation and reach a plateau (Fig. 4). 
Conversely, the total foliar Ca and Mn fluxes are significantly higher in 
the modeled highly degraded site relative to the poorly degraded site (p- 
value < 0.05). There is also a trend towards higher foliar P (44%), Cu 
(29%), and V (40%) fluxes in the modeled highly degraded site 
compared to the highly degraded site. At this higher level of permafrost 

Fig. 3. Foliar mineral element concentrations in sedge and shrub species at the end of the growing season (August – September 2019). Concentrations are the mean 
of 12 samples (for Si, K, Ca, P, Mn, Zn) and 4 samples (for Cu, Mo, V) with their standard deviation from the different sites (poorly and highly degraded sites) for the 
sedge species (in yellow: Eriophorum vaginatum and Carex bigelowii), and for the shrub species (in green: Betula nana and Vaccinium uliginosum). Letters correspond to 
one-way ANOVA test and Tukey’s HSD post-hoc test and compare variables between different species (sedges and shrubs): two different letters mean significantly 
different concentrations (p-value < 0.05). 

Fig. 4. Annual foliar fluxes of mineral elements at the end of the growing season (August – September 2019) at the “poorly degraded site” dominated by sedges (open 
symbol) and the “highly degraded site” dominated by shrubs (full symbol), and for one “modeled highly degraded site” showing a further permafrost degradation and 
shrubification (transparency, gray symbol). Fluxes are the sum of Eriophorum vaginatum and Carex bigelowii fluxes for sedge species (yellow) and Betula nana and 
Vaccinium uliginosum fluxes for shrub species (green) at poorly, highly, and modeled highly degraded sites, respectively (with their standard deviation). Foliar mineral 
element concentrations used to calculate foliar fluxes were obtained from the mean of six (for Si, K, Ca, P, Mn, Zn) or two (for Cu, Mo, V) foliar concentrations that 
gather foliar concentration from the poorly and highly degraded sites. Letters correspond to one-way ANOVA test and Tukey’s HSD post-hoc test and compare 
variables between different species (sedges and shrubs): two different letters mean significantly different concentrations (p-value < 0.05). 
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degradation, foliar mineral element fluxes are thus increasing or 
remaining constant. 

The observed changes in foliar mineral element fluxes suggest that 
permafrost degradation related to vegetation shift, from sedge to shrub 
species, is directly affecting the mineral element recycling to topsoil. 
According to the estimated current foliar fluxes and upon a further 
permafrost degradation, the chemical composition of the topsoil could 
be enriched in Ca, P, Mn, Cu, and V, and depleted in Si, K, Zn, and Mo 
from a poorly degraded site to a highly degraded site. 

3.3. Influence of permafrost degradation on topsoil mineral element 
concentrations 

We investigated the difference in mineral element concentrations in 
the topsoil between the poorly and the highly degraded sites, resulting 
from a ~ 40 years old vegetation shift at Eight Mile Lake (Osterkamp 
et al., 2009) with a quantified decrease in sedge biomass and a quanti
fied increase in shrub biomass (Schuur et al., 2007). The mineral ele
ments have the same order of abundance in topsoil than in foliar samples 
(Section 3.1), except that topsoil Mo concentration is lower than topsoil 
V concentration (Mo < V < Cu < Zn < Mn < P < Ca < K < Si; Fig. 5; 
Supplementary material). Our data indicate a trend towards lower 
topsoil concentrations in Si, K, Zn, and Mo (of 52, 24, 20, and 51%, 
respectively) from poorly to highly degraded sites. Conversely, topsoil 
concentrations in Ca, P, Mn, Cu, and V remain constant between both 
sites. 

Different reasons may explain the absence of difference in topsoil 
mineral element concentrations between the poorly and highly 
degraded sites (for Ca, P, Mn, Cu, and V), even if the change in plant 
biomass is confirmed. Firstly, changes in net foliar Ca, P, Mn, Cu, and V 
fluxes are not detected at this current stage of permafrost degradation 
even if there is a change in shrub foliar fluxes (Section 3.2). This can 
contribute to limit the current change in topsoil mineral element con
centrations. Secondly, the difference in plant biomass composition be
tween the two sites results from a permafrost degradation over a ~ 40- 
year time span (Osterkamp et al., 2009), that may be too recent to 
observe a change in topsoil mineral element composition. Indeed, soil 
samples analyzed (i.e., 5-cm thickness) are aged under 170 years 
(Hutchings et al., 2019). Thereby, this topsoil layer not only represents 
the ~ 40 years of vegetation shift between the poorly and highly 
degraded sites but also vegetation accumulation before the monitored 
change. The contribution of mineral elements from previously non- 
degraded soils across the site may mask any difference observed over 
the last 40 years of permafrost degradation. Thirdly, topsoil mineral 
element composition not only results from biomass input but also from 

other (a-)biotic factors (Berg and McClaugherty, 2020). For example, 
topsoil trace element concentrations may change with the acidic con
dition that solubilized and leached mineral elements such as Mn (Gau
tam et al., 2019). The more easily leached elements need a longer time to 
accumulate in the topsoil relative to the other elements (Hagen-Thorn 
et al., 2006). Fourthly, topsoil mineral element composition can be 
influenced by atmospheric deposition (Binkley and Högberg, 1997). 

3.4. Implications of a change in topsoil composition related to permafrost 
degradation 

In the future, changes in topsoil mineral element composition could 
have a larger impact on the nutrient dynamics (Marschner, 2011). 
Indeed, changing topsoil concentrations of the studied mineral elements 
(Si, K, Ca, P, Mn, Zn, Cu, Mo, V), which are crucial plant nutrients, may 
influence their availability for vegetation. This could lead to an ampli
fication loop: permafrost degradation releases nutrients which leads to 
shrubification, in turn influences the nutrients in topsoil that can be 
taken up by the vegetation. For example, decreasing the Mo concen
tration for vegetation in topsoil could lead to chlorosis and necrosis 
along the mains veins of mature leaves (Bussler, 1970). On the contrary, 
increasing Cu and V concentrations for vegetation in topsoil can pro
mote plant growth (Basiouny, 1984; Hänsch and Mendel, 2009). 

Furthermore, upon permafrost degradation, a change in mineral 
element composition of topsoil and shift in vegetation could have an 
influence on organic C decomposition. A lower topsoil Mo concentration 
could lead to a decrease in organic C decomposition rate due to the role 
of Mo as a co-factor for nitrogenase during nitrogen fixation, thereby 
decreasing N recycled in topsoil by N-fixing plant species (Darnajoux 
et al., 2019; Jean et al., 2013). However, a higher topsoil V concentra
tion can reverse the trend given that V can replace Mo as a co-factor of 
the nitrogenase (Barron et al., 2009; Bellenger et al., 2008; Pourhassan 
et al., 2016). Conversely, a higher topsoil Cu concentration may alter the 
structure of microorganisms and fungi communities, being toxic for the 
decomposers and thereby may decrease organic C decomposition rate 
(Duarte et al., 2008). In that case, studying more precisely dissolved 
organic carbon (DOC) in the context of shrubification upon permafrost 
degradation would allow to test the influence of changes in topsoil 
mineral element concentrations on the C cycle. 

Climate change and more specifically warmer air temperatures that 
have risen 0.6 ◦C per decade over the last 30 years in high latitudes 
regions (Fig. 6, step 1), leads to permafrost thaw (Fig. 6, step 2; IPCC, 
2013). Shrubification caused by a long-term (at decadal time scale) in
crease in air temperature (Fig. 6, step 1), permafrost thaw (Fig. 6, step 
2), nutrient release (Fig. 6, step 3), and drier soil conditions due to the 

Fig. 5. Topsoil mineral element concentrations at the end of the growing season (August – September 2019) at the “poorly degraded site” dominated by sedges and at 
the “highly degraded site” dominated by shrubs. Concentrations are the mean with standard deviation of three concentrations measured and letters correspond to 
one-way ANOVA test and Tukey’s HSD post-hoc test and compare variables between different sites (poorly and highly degraded sites): two different letters mean 
significantly different concentrations (p-value < 0.05). 
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loss of previously frozen water stock in soil (Fig. 6, step 4) could lead to 
change in topsoil mineral element composition (Section 3.2; Heijmans 
et al., 2022; Mekonnen et al., 2021). According to our observations, we 
can infer a change in topsoil mineral element composition associated to 
other shifts in vegetation at spatial and temporal scales other than those 
of our study. On the short-term (on annual time scale), permafrost 
degradation leads to wetter conditions with the presence of thawed 
water, previously frozen in the permafrost (Fig. 6, step 5; Schuur et al., 
2007). Given that sedges can better adapt in wet conditions unlike 
shrubs, this leads to a sedge expansion (van der Kolk et al., 2016). In that 
scenario, the associated change in topsoil mineral element composition 
is in the opposite direction than upon shrubification with an enrichment 
of Si, K, Zn, and Mo and a depletion in Ca, P, Mn, Cu, and V in topsoil. 
Climate change with higher air temperatures can also lead to wildfires 
(Fig. 6, step 6), creating bare spaces that sedges colonize faster than the 
shrubs (Mekonnen et al., 2021). However, wildfires induce the removal 
of an insulating surface litter and alter soil temperature that increases 
permafrost degradation and leads to a shrub expansion on the long term 
(Jiang et al., 2015; Michaelides et al., 2019). In that scenario, the 
mineral element composition of topsoil would evolve in the same di
rection than the influence of shrubification on the long term with an 
enrichment of Ca, P, Mn, Cu, and V and a depletion of Si, K, Zn, and Mo. 
At Eight Mile Lake, according to the Fig. 6, the observed permafrost 
degradation and the lack of wildfire reinforces the idea that shrubs are 
dominating this site. We could imagine a sedge expansion if wildfires 
appear with a drier soil and a larger increase in temperature but in the 
long term, shrubs would be the dominant plant type at Eight Mile Lake. 

Finally, both sedge and shrub growth can be stimulated. Indeed, 
climate change increases the length of the growth season leading to a 
higher productivity of all the vegetation (Xu et al., 2013). The gain in 
length of the growing season is estimated at >3 days per decade since 
the 1980s (Xu et al., 2013). In that scenario, there is an increase in the 
concentrations of all mineral elements in topsoil (Fig. 6, step 7). How
ever, the growth of shrubs, which have a greater height and leaf area 
than sedges, can lead to competition for light resulting in shrubs 
dominating the tundra (Hudson et al., 2011). 

More locally, shifts in vegetation can be observed following soil 
collapse with permafrost degradation: the associated change in 

topography and hydrological conditions can lead to the extension of 
shrub or sedge species (Mekonnen et al., 2021; Sulman et al., 2021). 
Upon these cascade processes with vegetation shifts between sedges and 
shrubs, the resulting impact on the topsoil mineral element composition 
is likely to follow the same trend as the one reported for changes be
tween sedge and shrub species in this study. 

4. Conclusions 

This study quantifies the influence of permafrost degradation asso
ciated with a vegetation shift from sedges to shrubs on topsoil and plant 
mineral element concentrations (Si, K, Ca, P, Zn, Mn, Cu, Mo, and V) in 
sub-Arctic tundra soils. The observation data support lower foliar Si, K, 
Zn, and Mo fluxes and a no change in Ca, P, Mn, Cu, and V fluxes upon 
permafrost degradation from the poorly degraded site to the highly 
degraded site. This results in a lower topsoil Si, K, Zn, and Mo concen
trations (of 52, 24, 20, and 51%, respectively), and no change in Ca, P, 
Mn, Cu, and V concentrations in topsoil upon the current permafrost 
degradation. Upon amplified shrubification associated with further 
permafrost degradation, here modeled by transposing observed foliar 
biomass changes, foliar Ca, P, Mn, Cu, and V fluxes are higher, which 
will likely change these element concentrations in topsoil. This study 
provides a first estimate to assess the influence of shifts in vegetation in 
sub-Arctic tundra (shrubification, sedge expansion with wetter condi
tions, etc.) on topsoil mineral element composition, i.e., for mineral 
elements that are key players for the rate of organic C decomposition 
and nutrient availability for vegetation. 
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