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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 m) 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): 

(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): 

(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 ( FF) 
determined from the standard deviation of foliar mineral element con
centration ( FC) using the following equation: 

(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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Binkley, D., Högberg, P., 1997. Does atmospheric deposition of nitrogen threaten 
Swedish forests? For. Ecol. Manag. 92, 119 152. https://doi.org/10.1016/S0378- 
1127(96)03920-5. 

Bliss, L.C., Courtin, G.M., Pattie, D.L., Riewe, R.R., Whitfield, D.W.A., Widden, P., 1973. 
Arctic Tundra Ecosystems. Annu. Rev. Ecol. Syst. 4, 359 399. https://doi.org/ 
10.1146/annurev.es.04.110173.002043. 

Bracho, R., Natali, S., Pegoraro, E., Crummer, K.G., Schädel, C., Celis, G., Hale, L., Wu, L., 
Yin, H., Tiedje, J.M., Konstantinidis, K.T., Luo, Y., Zhou, J., Schuur, E.A.G., 2016. 
Temperature sensitivity of organic matter decomposition of permafrost-region soils 
during laboratory incubations. Soil Biol. Biochem. 97, 1 14. https://doi.org/ 
10.1016/j.soilbio.2016.02.008. 

Broadley, M.R., White, P.J., Hammond, J.P., Zelko, I., Lux, A., 2007. Zinc in plants. New 
Phytol. 173, 677 702. https://doi.org/10.1111/j.1469-8137.2007.01996.x. 

Bussler, W., 1970. Die Entwicklung der Mo-Mangelsymptome an Blumenkohl. Z. Für 
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